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    In this thesis, various metal oxides have been investigated as innovative anode 
active materials for next generation Li ion batteries. Specifically, metal oxides have 
been proved to have higher specific and volumetric energy density than commercial 
graphitic anodes, wider operating voltage window and are environmentally 
friendly. However, pure metal oxides have been demonstrated to be characterized 
by poor reaction reversibility leading to high instability and short battery cycle life. 
It has been found that the key to achieving high reaction reversibility, or at least 
stabilizing the capacity, is to increase the inter-particle and/or intra-particle 
conductivity.   
    One effective strategy to increase the inter-particle conductivity is to mix or 
impregnating metal oxide active materials onto a carbon source. By synthesizing 
metal oxide materials with different carbon weight amount, a strong linkage 
between reaction reversibility and inter-particle electronic conductivity has been 
proved by means of the Van der Pauw method, rate capability, capacity retention 
and electrochemical impedance spectroscopy techniques. Moreover, effect of inter-
particle electronic conductivity on the active material morphology during the  
electrochemical conversion reaction has been investigated by means of identical 
location TEM technique.  
Alessandro Palmieri – University of Connecticut, [2018] 
 
    It is also shown that the intra-particle electronic conductivity can have a 
significant effect on capacity retention and reversibility. The intra-particle 
conductivity was controlled by synthesizing metal oxide active materials with Co 
and Na inclusions, significantly increasing capacity retention without modifying 
the reaction mechanism, as proved by a kinetic study involving Tafel slope analysis.  
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CHAPTER 1:  INTRODUCTION 
 
1.1  Primary and Secondary Batteries: History and Evolution  
    The first concept of a battery as an electrochemical device able to store and 
deliver energy by means of redox reactions was introduced by Alessandro Volta in 
the early nineteenth century [1], where he first paired zinc and copper metal discs 
separated by pieces of cardboard in a brine solution, and saw that electrical current 
was produced. From the first, rudimental zinc-copper cell, many different 
chemistries have been implemented, including zinc-carbon and the still 
commercially wide spread alkaline cells first invented by Thomas Alva Edison in 
1901 [2], which currently involve the use of a zinc/KOH electrolyte slurry, rolled 
in cylindrical shape to maximize the volumetric energy density, and a cathodic 
outer ring composed by manganese dioxide. However, all the configurations 
previously mentioned are primary batteries, namely that can only be discharged one 
time and once exhausted, they need to be disposed.  
    The emergence of new applications such as automotive and portable devices 
stated an urgent need for secondary (rechargeable) batteries, which mainly arose in 
the second half of the twentieth century. The first rechargeable battery chemistry to 
be implemented was the lead-acid battery in 1859 by Gaston Planté [3], which is 
able to supply high currents (up to 25 A) and has low self-discharge (40% of the 
total charge in one year of inactivity).  This is why these batteries dominate the 
automotive market today, but they are characterized by a limited number of full 
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discharge cycles (hundreds), high toxicity and very low volumetric and specific 
energy density, as depicted in Figure 1.1. A step forward in secondary batteries was 
taken with Nickel-cadmium batteries, which were first proposed in the 1960s [4]. 
Despite the improvement in energy density (Figure 1.1 [5]) and cycle life 
(thousands of cycles if properly maintained) relative to lead acid batteries, this 
technology was rapidly abandoned and prohibited by most countries because of the 
high toxicity. Nickel-metal hydride batteries followed in late 1980s [2], and showed 
a significant improvement in both volumetric and specific energy density (40% 
more than nickel-cadmium based cells). Moreover, this configuration is completely 
free of toxicity. However, these batteries have major drawbacks, such as high self-
discharge (30% monthly discharge) and they degrade faster (severe degradation is 
registered after 300 deep charge/discharge cycles of operation). The breakpoint in 
the field coincides with the invention and deployment of Li Ion Batteries (LIBs) in 
the late 1980s and early 1990s, which are characterized by an energy density 10 
times greater than lead acid batteries and are partially responsible for the 
technological and social transformation that has occurred over the last 20 years. 
 
1.2  Li Ion Batteries: Development and Operating Principles 
    Li-ion batteries were first proposed by M.S. Whittingham in 1976 [6] and 
commercialized by Sony in early 1990s [7]. Lithium is the most electropositive (-
3.04 V Vs SHE) and lightest (equivalent weight = 6.94 g/mol, specific gravity = 
0.53 g/cm3) metal in the whole periodic table. These two aspects provide a large 
operating voltage if the cell involves the use of Li as the anode material, indeed: 
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Figure 1.1:  Ragone plot of specific energy density vs volumetric energy density 
for most secondary battery chemistries [4].   
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     CellFEG                                                                                                          (1.1) 
where ΔG is the Gibbs free energy of the total cell reaction, F is Faraday’s constant 
(96485.33 C/mol), and ECell is the cell voltage, that can be defined as: 
     AnodeCathodeCell EEE                                                                                            (1.2) 
therefore, the lower the anode potential, the larger the Gibbs free energy and the 
initial cell voltage window, and thus the higher the energy and the power density 
(calculated as the integral of current produced by the cell multiplied by the total 
voltage window).  
    In fact, LIBs provide high volumetric energy density (350 Wh/l) and high 
specific energy density (150 Wh/kg), as shown in Figure 1.1. They were the first 
class of secondary batteries not to suffer from the “memory effect” (which 
describes the situation in which some classes of batteries like nickel-cadmium and 
nickel-metal hydride gradually lose their maximum energy capacity if they are 
repeatedly recharged after being only partially discharged) and they are 
characterized by a relatively low self-discharge monthly rate of only 5% of their 
total charge when compared to nickel-cadmium (20% monthly discharge) or nickel-
metal hydride (30% monthly discharge), making LIBs the most widespread 
rechargeable power source in the portable electronics market. In fact, LIBs 
represented a 22.8 billion dollar industry in 2016, where 52.3 % derived from the 
portable electronic field (Figure 1.2); LIBs market is expected to grow up to 93.1 
billion dollars in 2025. [8-10].  
    When talking about LIB materials, usually they are classified based on the 
amount of charge per mass that the active materials are theoretically able to store 
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during each charge/discharge cycle. This parameter is called theoretical capacity of 
a material, and 𝐶 can be calculated as in Equation 1.3: 
                𝐶𝑇ℎ =
1 𝑚𝑜𝑙𝐴𝑀
𝑀𝑊
⋅
𝑛 𝑚𝑜𝑙(ⅇ)
1 𝑚𝑜𝑙𝐴𝑀
⋅
96485.33 𝐶
1 𝑚𝑜𝑙(ⅇ)
⋅
1 ℎ
3600 𝑠
⋅
1 𝐴
1
𝐶
𝑠
⋅
1000 𝑚𝐴
1 𝐴
     
Where AM is the active material, MW its molecular weight and n is the number of 
electrons transferred during the redox reaction.   
    Nowadays, commercial cells are mostly comprised of a Li-metal oxide cathode 
(max theoretical capacity of 272 mAh/g), a lithium salt (LiPF6) dispersed in a 
mixture of ethylene, dimethyl and diethyl carbonates as electrolyte and a graphite 
anode (theoretical capacity of 372 mAh/g). The electrochemical operating principle 
of a commercial Li ion battery are presented in Figure 1.3 [11]. Cells are usually 
assembled in the discharged state. Therefore, the first step in a Li ion battery 
operation is commonly the charge. During the charge, Li ions are extracted from 
the cathode and electrons become available following the reaction: 
     

  xLixeMOLiLiMO x 2)1(2                                                                                       
 Li+ ions then travel through the electrolyte media and reach the anode surface. 
Here, they react with the electrons that have travelled from the cathode by means 
of an external circuit and with the graphitic anode material forming a Li carbon 
complex, following the stoichiometry:  
     66
LiCLieC  
                                                              
During the discharge, the process is reversed and the electrons travel back to the 
cathode (again through an external circuit, generating an electric current which can  
 
(1.4) 
(1.3) 
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Figure 1.2: Global Li ion battery market share by application [10]. 
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Figure 1.3: Schematic of operating principle of a commercial LiMO2 cathode / 
graphite anode Li ion battery cell [11]. 
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be used to power devices) at the same time as the Li+ ions, reacting and reforming 
the layered LiCoO2 structure.  
    However, with this configuration State-of-the-art cells have a maximum specific 
energy density of ca. 150 Wh/kg [9]. The demand of newer and cleaner forms of 
energy is pushing research in this field towards the need of increasing by this energy 
density by at least five times its modern value in the next 10 years in order to 
transition from the portable market to automotive and eventually electric grid 
applications [12]. In fact, in 2025 more than half of the LIB market is expected to 
be dedicated to hybrid and electric vehicles (Figure 1.4) [13]. Therefore, it is 
necessary to find alternative material chemistries to increase LIB energy and power 
density without sacrificing longevity and compactness, in order to improve both the 
cathode and anode side of the cell.  
 
1.3  Li Ion Battery Improvement Part 1: Cathodes  
    The choice of the cathode active material is very limited because the candidate 
has to possess many important features: the material is usually the lithium reservoir 
of the cell; thus, it needs to include lithium.  It also needs to be resistant to corrosion 
and stable in air (in order to facilitate the cell assembly and to provide safety 
preventing the exothermic reaction between Li metal and atmospheric H2O). 
Moreover, its electrochemical reactions do not have to involve the formation of any 
gaseous chemical species, such as oxygen or hydrogen, which would cause serious 
safety issues in the case of thermal runaway and sensibly increase the cathode 
degradation and overpotentials. Lastly, it has to provide high electrochemical  
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Figure 1.4: Li ion market demand forecast by application [13]. 
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reversibility over a large number of cycles [14]. There are only few known 
compounds that show all the mentioned properties. LiCoO2 was firstly proposed by 
Goodenough et al. [15] in the 1980s and it rapidly became the most widespread 
because it is characterized by one of the highest theoretical capacities among all 
known cathode materials, 272 mAh/g.  LiCoO2 also has low self-discharge and 
excellent cycle life [16]. Nevertheless, it is expensive and the inclusion of Co 
accounts for ca. 33 % of the cost of the overall cell [10].      
    Therefore new, less expensive alternatives have been under investigation for 
quite a long time, such as LiNiO2, LiMnO2 and LiFePO4. They can provide higher 
energy density than lithium cobalt oxide and equal safety, but are less stable, 
showing fast capacity fading and consequently, poor cycle life [17-18]. Another 
promising solution is Li-rich layered oxide materials such as Li2MnO3-stabilized 
LiMO2 cathodes (where M = Co, Mn, Ni), due to their capability of being able to 
supply almost 100 % of their theoretical capacity (ca. 260 mAh/g), higher operating 
voltage (up to 4.6 V with no structural damage) and lower costs [9,19]. However, 
this class of materials still suffers from poor rate capability and limited cycle life. 
Recently, advanced spinel oxide cathodes, characterized by tridimensional Li+ 
diffusion channels have been developed and tested, showing a higher Li ion 
diffusion coefficient but lower intrinsic electronic conductivity compared to the 
layered structured oxides, resulting in an overall lower performance [20,21]. Lastly, 
hybrid spinel/layered cathode structures have been recently investigated as well, 
reporting the achievement of both high Li+ diffusion and high conductivity, making 
them a feasible candidate for next generation cathode materials  [22-24].  
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1.4  Li Ion Battery Improvement Part 2: Anodes 
    In contrast with what was stated regarding cathode selection, there is a much 
broader range of material chemistries (Figure 1.5) presently under investigation that 
are suitable for the anode side of the cell. Graphite has been ubiquitous as the anode 
material for LIBs in the past because it is inexpensive and can provide a relatively 
high capacity retention, as well as maintain the same power output over hundreds 
of cycles [25]. This behavior has its origin in the particular Li storage mechanism 
for a layered anode materials: graphite intercalation (Figure 1.6) where after lithium 
ions migrate from the cathode to the anode, they are inserted into the porous carbon 
matrix. This process does not involve the formation of any covalent bonds, the Li 
ions are stabilized by the introduction of an electron into the graphitic sp2 ring, 
explaining its high reversibility. Moreover, the stress derived by the introduction of 
the ions into the matrix is low, causing minimal volumetric expansion of the 
material, which translates into low internal stress and therefore high cycle life.  
     Despite these positive attributes, it has been determined that graphite does not 
have sufficient capacity to enable the transition of Li ion batteries to high energy 
density applications.  It should also be noted that although it is possible to increase 
the overall cell energy density by increasing the cathode potential (where it is 
possible to do so without encountering stability issues), decreasing the anode 
potential is not a possible solution due to Li plating [26], which could lead to short 
circuit of the cell and must be avoided. Therefore, other materials and chemistries 
need to be considered (Figure 1.5), and finding new chemistries for the anodic 
materials that are able to supply greater capacity values should be the focus. 
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Figure 1.5: Suitable anode material chemistries and their respective theoretical 
capacities [27].  
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Figure 1.6: Lithium storage mechanisms for different elements of the periodic 
table [27]. 
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1.4.1  Silicon 
    Si has recently attracted much interest by the scientific community as one of the 
most promising materials to replace graphite because of its very high theoretical 
capacity, ~3800 mAh/g. [28-31]. However, Si undergoes a very large volume 
expansion (more than 250% of its original volume) during cycling due to materials 
strain caused by radical structural changes, leading to electrode pulverization and 
short device life. This is caused by the particular Li storage mechanism of Si (Figure 
1.6), which is dramatically different from intercalation, namely the formation of a 
poorly reversible Li-Si alloys.  The emergence of these alloy phases swells the 
anode electrode and it is the main cause for the volumetric expansion. Several 
approaches have been implemented in order to reduce the crystallographic stress 
and improving the cyclability and cycle life of Si-based anodes including voltage 
cutoffs, Si-C composites (even 50:50 wt%) or advanced Si nanostructures [32-33]. 
Unfortunately, these approaches limit the practically achievable energy density of 
Si anodes to around 1000 mAh/g [34-35].  
    Moreover, another consideration that is not widely discussed by academics, but 
well known to battery manufacturers, is that infinitely improving the anode capacity 
will not lead to better-performing cells. This is illustrated in Figure 1.7. If the anode 
capacity were far greater than the cathode capacity, one would either need to 
significantly reduce the anode thickness (making them difficult to manufacture) or, 
at scalable anode loadings, the cathode would become extremely thick to 
compensate. Thicker electrodes lead to efficiency losses; thus, even more active 
material must be added to compensate. Specific and volumetric automotive targets 
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become more difficult to meet as the imbalance grows, and a so-called “capacity 
penalty” results [36-37]. In order to better show the gravity of this problem, a model 
study was carried out by Dr. Karulkar at Ford Motor Company (who funded this 
work) and the results are shown in the next section.  
 
1.4.2  Capacity Mismatch Model 
    As a general trend, thinner electrodes will perform better than thicker ones due 
to current and lithium diffusion limitations in the electrode. The performance 
penalty for thicker electrodes manifests as a lower observed specific capacity 
caused by lack of full utilization, and the penalty grows with higher currents. This 
has been reported experimentally in [38], wherein the capacity loss for nickel-
manganese-cobalt and lithium iron phosphate cathodes of increasing thickness and 
current density were given.  That work was extended by Karulkar et al. [39] to 
derive a percent utilization correction factor for typical NMC cathodes: 
     Capacity Utilization = 1- 1.042(Thickness-185*CRate^0.3)              (1.6)                                   
    Figure 1.8 shows capacity utilization as predicted by Equation 1.6, compared to 
data derived from [38].  The effect is pronounced above thicknesses of 120 µm at 
1C, and across the entire thickness range for higher currents. These conditions fall 
within the expected usage parameters for many systems, and thus the phenomena 
of thickness-related capacity loss cannot be ignored. Thickness-related capacity 
loss is especially important in the context of high capacity anode development. As 
previously mentioned, silicon (3000-4000 mAh/g) and silicon composites (1000- 
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Figure 1.7: Illustration of electrode structure with increasing capacity mismatch in 
Li-ion batteries. 
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Figure 1.8: Capacity utilization loss with increasing thickness and current for NMC 
cathode. 
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2500 mAh/g) are two of the most investigated materials in the last decade. Even 
metallic lithium (3800 mAh/g) has received a large amount of attention, promising  
10 times the capacity of state of the art graphite anodes.  In contrast, cathode 
development has been limited to materials below 250 mAh/g with the exception of 
sulfur (1675 mAh/g theoretical), which is hindered by serious chemistry drawbacks 
by way of polysulfide dissolution and subsequent anode deactivation. Thus, a 
fundamental capacity imbalance between prospective anodes and cathodes exists.   
    The Ford model aims to highlight the downsides to such an imbalance, including 
the challenging electrode thickness issues that can arise and it is based on a previous 
work by [37], where an Automotive Target Model to assess real-world metrics for 
advanced battery materials by extrapolating full cell performance using only half 
cell data was developed. Built with automotive applications in mind, these metrics 
include specific energy, specific power, volumetric energy density, and volumetric 
power density, and the model relies on comparisons with the Long Term EV 
Targets established by the United States Advanced Battery Consortium (USABC) 
[40]. Such a model can also enable the identification of promising materials much 
earlier in the research cycle than may otherwise be possible. The model is open 
ended, allowing the user to simulate full cells with experimental materials, and also 
to make predictive calculations by investigating hypothetical improvements. The 
improvement of the present model with respect to the previous one lies in the 
addition of one key component, namely the inclusion of thickness-related capacity 
loss (Equation 1.6), which, as shown in Figure 1.8, effectively limits the range of 
possible electrode thicknesses. Without considering this phenomenon, the 
 19 
 
simulation could produce unrealistic and misleading results, especially for early-
stage materials.   
    The general equations and theory of the model have not been changed from the 
previous version of the model [37]. The model is anode-centric, using detailed 
experimental parameters about the anode to appropriately size the cathode and 
simulate full cell target performance. For the anode, thickness-related capacity 
losses are accounted for empirically since the user provides the anode capacity from 
experiments. For the cathode, equation 1.6 is used in determining thickness and 
adjusted capacity. Table 1.1 describes the input and output parameters of the 
system. Roll Width and Roll Length refer to the overall width and length of the 
entire electrode, assuming a jellyroll-type battery assembly. 
 
 
 
 
 
 
Table 1.1: Input and output parameters for the Automotive Target Model. 
    With the newly implemented thickness-related capacity loss, the model was used 
to simulate Ford’s in-house silicon-composite material, paired with a hypothetical 
NMC cathode. The simulation was also used to investigate alternate anodes and 
 Anode Cathode Cell 
Input 
Loading, LA Density, C Roll Width, Wr 
Density, rA Active Material Fraction, fC Roll Length, Lr 
Active Material Fraction, fA Voltage vs Li, EC n:p ratio, rnp 
Voltage vs Li, EA Nominal Capacity, CC Current, I 
Nominal Capacity, CA     
Output 
Thickness, tA Thickness, tC Cell Capacity, Ccell 
  Loading, LC Cell Voltage, Ecell 
  Adjusted Capacity, CC' Specific Power 
    Specific Energy 
    Power Density 
    Energy Density 
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cathodes, in order to model the effect of the anode-cathode capacity gap. Table 1.2 
summarizes the input parameters for the first case, Case 1. The electrode was 
assumed to be 20cm × 200cm, or 4000 cm2, a common electrode length for present-
day automotive pouch cells, and a familiar form factor for those in the industry. 
The current was set to correspond to a rate of 1C, and Negative:Positive (N:P) ratio 
was set to an industry standard of 1.1. Anode capacity, density, active weight 
fraction, and voltage were based on Ford’s in-house C-Si composite material [37], 
which reports a practical capacity in the range of 1000 mAh/g. The anode loading 
was set to provide an anode thickness of 100 µm. Cathode density, capacity, active 
material fraction, and voltage were based on literature values [41] for typical NMC 
cathodes.  
 
 
 
 
 
 
Table 2.2: Case 1 Input parameter values. 
Performance relative to the USABC targets for Case 1 is described in Figure 1.9, 
which shows that with Si-C anodes, the energy targets can be met, but power targets 
 
Anode Cathode Cell 
L (g/cm2) 10.78     
 (g/cm3) 1.078 2.5   
f 0.86 0.88   
E (V) 0.25 3.75   
C (mAh/g) 1000 175   
Wr (cm)     20 
Lr (cm)     200 
rnp     1.1 
I (A)     74.16 
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fall well short. A closer examination of the results reveals more concerning 
outcomes.  
    Table 1.3 reports the output parameters of the model and shows that while the 
anode thickness is 100 µm as desired, the calculated cathode thickness is 218.9 µm, 
far above what is considered to be practical, especially considering the thickness-
related capacity loss that was shown in Figure 1.8. In fact, the model is unable to 
arrive at an iterative solution for the corrected capacity, CC’, because 218.9 µm 
yields negative efficiencies for all currents. The missed power targets could easily 
be met by simply doubling the current in the model to 2C, but as the cathode 
thickness is already outside practical limits defined by the capacity penalty, this 
input set represents a fundamentally untenable scenario. 
 
 
 
 
 
Table 1.3: Automotive target model output for 1000 mAh/g anode, 175 mAh/g 
cathode case. 
 
 
Anode Cathode Cell 
t (mm) 100 218.9   
L (g/cm3)   58.92   
Cc'   n/a   
Ccell(Ah)     33.7 
Ecell     3.5 
 22 
 
 
 
 
 
 
 
 
  
Figure 1.9: USABC target performance for Case 1. 
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    The reason why Case 1 results in an untenable solution, from a cathode 
thickness/utilization standpoint, can be attributed to the large gap in specific 
capacity between the anode and cathode. The N:P ratio is typically close to 1 (1.1 
for Case 1, and many commercial cells), which requires approximately equal 
capacity for the anode and cathode.  If a large specific capacity gap exists, then one 
electrode must be disproportionately thicker to provide adequate capacity to 
balance the other electrode. As the gap widens, the thickness imbalance widens.  
As one electrode grows thicker, its thickness-related capacity loss increases, 
exacerbating the capacity imbalance. For the case of C-Si // NMC (Case 1), which 
is often referenced as a potential near-term application of silicon anode technology, 
the gap is particularly large, and this is just considering a composite material with 
1000 mAh/g capacity. If even higher capacities are considered (hypothesizing that 
they will be achievable for an extensive number of cycles, such as pure silicon), the 
result is even more drastic, shown below. The general phenomenon of thickness-
related capacity loss due to anode-cathode capacity imbalance is termed the 
Capacity Mismatch Penalty.  
    The Automotive Target Model can be used to quantify the Capacity Mismatch 
Penalty. Figure 1.10 illustrates modifications to Case 1. Each main set of points 
corresponds to anode specific capacities of 700 (blue diamonds), 1000 (red 
squares), and 2000 mAh/g (green triangles).  Within each anode capacity set, the 
effect of cathode capacity on cathode thickness is given. 115 µm is marked as the 
viability limit which agrees with the capacity losses illustrated by Figure 1.7. All 
other parameters were kept the same as Case 1. For the 2000 mAh/g anode, which  
 24 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.10: Cathode thickness with increasing cathode capacity, for anode 
capacities of 2000, 1000, and 700 mAh/g. The horizontal dotted line divides viable 
and unviable cathode thicknesses, according to penalties incurred via Eq. 1.6. 
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represents the higher end of Si composites and lower end of pure Si, practical 
viability is not reached until a cathode with a capacity of 700 mAh/g (much higher 
than any known material) is discovered. For a 1000 mAh/g anode, which represents 
the previously-reported C-Si material, the viability limit is reached with a cathode 
of about 350 mAh/g, again not a reachable value for existing cathode materials. For 
a hypothetical anode of 700 mAh/g, the viability limit is reached with a cathode of 
250 mAh/g – right in line with state-of-the-art cathodes.  
     The Capacity Imbalance Ratio (CIR) provides a convenient factor for 
determining what anode-cathode capacity pairings will produce viable electrodes, 
though it is unique to anode-cathode pairings. A benefit to using lower capacity 
anodes is thus demonstrated, i.e. to minimize capacity mismatch penalties without 
requiring impossibly-high cathode capacities. Indeed, in the case of Figure 1.10, 
only the 700 mAh/g anode case allows for a feasible near-term cathode pairing in 
the 250 mAh/g range. Thickness-related capacity loss is especially important in the 
context of high capacity anode development. As previously mentioned, silicon 
(3000-4000 mAh/g) and silicon composites (1000-2500 mAh/g) are two of the most 
investigated materials over the last decade. Even metallic lithium (3800 mAh/g) 
have received a large amount of attention, promising 10 times the capacity of state 
of the art graphite anodes.  In contrast, cathode development has been limited to 
materials below 250 mAh/g with the exception of sulfur (1675 mAh/g theoretical), 
which is although hindered by serious chemistry drawbacks by way of polysulfide.  
Therefore, much of the anode battery research in the past decade has focused on 
materials that are not near-term practical solutions.   
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1.4.3 Metal Oxides (MOs)  
    For at least a decade after the assembly of the first Li ion battery in 1991, metal 
oxides where only studied as a cathode material. Only since the early 2000s have 
MOs become the focus of electrochemical studies at the anode side of the cell. 
While the chemistry choice is very wide (Figure 1.6), all the MOs share several 
benefits, including: a safer operating voltage window when compared to graphite, 
environmentally friendliness and being highly abundant in nature [42,43].  
Regarding the theoretical capacity, metal oxides have a wide range of capacities 
from ca. 175 mAh/g for species like Li4Ti5O12 (LTO) to ca. 1200 mAh/g for species 
like MnO2. This discrepancy in theoretical capacity values is due to the fact that 
even if they belong to the same class of materials, different MOs can undergo 
different Li storage electrochemical mechanisms. There are three known MO 
mechanisms in the literature (Figure 1.6), of which two of those have already been 
mentioned in the present discussion: intercalation, alloying and conversion.  
    To recall, intercalation consists of the reversible insertion of Li ions into 
compounds with layered structures similar to graphite (Figure 1.11 [8]). These 
materials have shown the best charge storage reversibility, which manifests itself 
on the practical side as high capacity retention and long cycle life, although they 
always have very low theoretical capacities. For instance, the LTO capacity of only 
175 mAh/g is even lower than graphite, making it unacceptable for automotive 
LIBs, though it is well known to be stable over thousands of cycles, making it useful 
for other applications. Alloying is characterized by the formation of a partially 
irreversible metallic bond between Li ions and a transition metal like Si or even 
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Sn/SnO2 (Figure 1.12 [8]). These materials are plagued by high crystallographic 
strain and significantly large volumetric expansion, leading to pulverization and 
poor cycle life, although they are characterized by higher capacity (781 mAh/g for 
SnO2) relative to intercalating materials.  
    Lastly, conversion, is the most common metal oxide storage mechanism as 
shown in Figure 1.6.  Here, the metal oxide reacts with Li+, and the active materials 
undergoes a chemical transformation from the oxide to the metallic state, following 
the general formula given in Equation 1.7: 
OyLixMyeyLiOM yx 222 

                                                                                 (1.7) 
Figure 1.13 takes into consideration the solid-state conversion reaction of nickel 
oxide as a representative conversion metal oxide. During the charge process, Li+ 
ions reach the anode and react with bulk NiO and electrons that travelled through 
the external circuit, to form two different phases, metallic Ni and lithium oxide, 
Li2O. During the discharge process, the two phases reconvert back to NiO, releasing 
electrons and Li+ ions in the system. Since this is a solid-state reaction that 
leverages chemical transformations (where bonds are broken and formed) to store 
and deliver energy, the theoretical capacity for these materials (Equation 1.3) are 
generally much higher than graphite (Figure 1.5) and the variability depends by the 
molar mass of the different oxides and by the number of electrons per mole of metal 
oxide that reacts during the solid-state conversion reaction.  
    Nevertheless, conversion metal oxides show one major issue: the reconversion 
reaction is not completely reversible; indeed, some clusters of lithium oxide and  
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Figure 1.11: Intercalation mechanism for LTO [8]. 
 
 
 
 
 
 
 
 
 29 
 
 
 
 
 
 
 
 
Figure 1.12: Alloying mechanism for SnO2 [8]. 
 
 
 
 
 
 
 
 
 
 30 
 
 
Figure 1.13: Solid-state conversion reaction mechanism for nickel oxide. 
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consequently, metallic Ni are still present at complete discharge. This is because 
above a few nm in size, Li2O is not electrically conducting (as already being 
observed for Li-air batteries in most recent years [44-47]), which can trap the 
material in the metallic (charged) state (Ni).  This poor reversibility of the 
conversion reaction results in very fast capacity fade after only a few to a few dozen 
charge/discharge cycles and therefore poor cycle life of the cell. This behavior has 
been observed for most of the metal oxide materials in their raw form.  
     Huang et al. [48] prepared NiO by a precipitation methodology utilizing nickel 
nitrate as the metal precursor. Although the material initially shows good reaction 
reversibility, being close to the theoretical capacity for nickel oxide (690 mAh/g at 
cycle 1), the capacity then rapidly fades, reaching a low value of 390 mAh/g after 
only 50 cycles, even at a current as low as 100 mA/g (~C/7 rate). Pan et al. [49] 
also synthesized a sheaf-like CuO active material from a simple hydrothermal 
process at 120°C. This case is very similar to the previous one where the initial 
capacity is very high (950 mAh/g at cycle 1) but rapidly fades after 40 cycles to ca. 
550 mAh/g at a C/2 current rate. Cobalt and manganese oxides have shown the 
same behavior. Wang et al. [50] synthesized CoO and Co3O4 electrodes, but even 
for their most stable material (CoO) the capacity faded from ca. 600 mAh/g to 300 
mAh/g after only 5 cycles. In one last example, Wu et al. [51] prepared MnO 
electrodes by electrodeposition. The performance varied depending on the 
annealing temperature, but for a 100°C anneal, the authors showed an initial 
capacity of 600 mAh/g, which then rapidly faded to almost no capacity after 50 
cycles at a specific current of 85 mA/g.  
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    In order to improve metal oxide electrochemical kinetics and reaction 
reversibility, many different approaches have been reported in the literature, which 
could be grouped into two different engineering strategies. The first one is 
represented by changing the active material structure in order to shorten the 
diffusion length for lithium ions and provide structural flexibility that is able to 
better adapt to the metal oxide volumetric expansion during cycling (generally ~ 
60%). For instance, Wang and Zhou [52] reported several metal oxides (SnO2, 
TiO2, Fe2O3, Co3O4) encapsulated into hollow carbon spheres. This solution 
reduces metal oxides volumetric expansion in all cases and avoid the aggregation 
of the metallic particles on the electrode surface, allowing a stable capacity 
retention over 100 cycles, in most cases also at high current rate (5C). Xiang and 
Tu [53] synthetized an ordered nano-needle arrays on the surface of 2 μm diameter 
CuO nanospheres. The as described structure provides higher contact area between 
the particles and the electrolyte, shorter diffusion pathway length for Li ions and 
enhanced reactivity for electrode reaction, achieving ca. 400 mAh/g at a current 
rate of C/2. Kang and Park [54] reported iron oxide tubes obtained by microporous 
organic nanotubes, increasing the electrode stability and capacity retention. These 
are only 3 examples of a much higher variety of shapes and structures that have 
been synthesized, which also includes but is not limited to metal oxide nanoflakes 
[55,56], nanorods [57,58], nanofibers [59,60], core shell structures [61,62], 
nanowires [63,64], nanoribbons [65,66], all showing enhanced Li storage and cycle 
life when compared to the respective active materials in their raw forms.  
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    The second very popular strategy that has been reported in order to improve 
metal oxide electrochemical behavior consists in mixing them with conductive 
carbon or in the formation of metal oxide/carbon nanocomposites, aiming to 
increase the electronic conductivity and consequently the overall faradaic 
efficiency. However, not much is known as to exactly how or why adding carbon 
impacts the fundamental reaction kinetics or mechanism.  It is also not well 
discussed in the literature that adding carbon only increases the inter-particle 
conductivity, which may not be sufficient for metal oxides with very low intrinsic 
electronic conductivity (i.e. MnO).   
     Various types of carbons have been used in the literature for this application, 
including Vulcan carbon [67-68], graphite [69-70] and more advanced carbon 
structures, such as carbon nanotubes (CNTs) and graphene/reduced graphene oxide 
(rGO). Especially in the last decade, the latter two have shown high electronic 
conductivity, good mechanical strength and the ability to store Li (importantly 
making them “non-dilutive” carbon additives), which may be advantageous for 
application in LIBs.  Below are a few examples.  Mesoporous CoO nanorods 
impregnated onto carbon nanotubes have been synthetized by Wu and Wang [71], 
showing a high initial capacity value of ca. 750 mAh/g. Moreover, the material 
displayed excellent cycle life and stability, retaining a value of 703 mAh/g at the 
end of 200 charge/discharge cycles at 5C current rate (94.2 % of the initial value). 
Zhong et Al. [72] used a fast microwave autoclave method to produce 
SnO2/graphene sheets nanocomposites, retaining a very stable capacity value of 
600 mAh/g over 200 cycles at 100 mA/g specific current. Li et Al. [73] synthesized 
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graphene wrapped MnO2 nanoribbons, which supplied a stable capacity of 600 
mAh/g over more than 240 cycles at a current of 0.4 A/g. In one last example, He 
et Al. [74] synthesized a Fe3O4/carbon nanotubes composite by means of a co-
precipitation methodology in alkaline solution. The as synthesized composite 
exhibited stable capacity retention with capacity values of ca. 650 mAh/g over 140 
cycles at a specific current of 100 mA/g.  
    Therefore, both approaches have shown promising results in improving reaction 
reversibility of metal oxides as Li ion battery anodes, but it is not clear which 
pathway is the most promising for next generation lithium ion batteries. In fact both 
have major concerns: the capacity increase using the nanostructural approach is not 
very high and usually the synthesis methods are complicated and difficult to scale 
up. On the other hand, advanced carbons like graphene oxide and carbon nanotubes 
are quite expensive, which would increase the total manufacturing cost of lithium 
ion batteries. The understanding of which pathway will prevail and the evolution 
of electrode morphology with cycling was the main goal of the next Chapter. 
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CHAPTER 2:  IMPACT OF ELECTRONIC CONDUCTIVITY VERSUS MATERIAL 
NANOSTRUCTURE IN METAL OXIDE ANODES FOR LI-ION BATTERIES 
    The purpose of this work was to investigate the effect of material nanostructure 
and electronic conductivity as the two main pathways presented in the previous 
chapter to improve reaction reversibility and kinetics of metal oxide anodes for next 
generation Li-ion batteries. In order to do that, three different NiO material 
morphologies were synthesized using different techniques and were physically 
characterized using Scanning Electron Microscopy (SEM), X-ray Diffraction 
(XRD), Brunauer–Emmett–Teller (BET) porosity analysis. The electrochemical 
behavior was investigated via cyclic voltammetry (CV), electrochemical 
impedance spectroscopy (EIS), capacity retention and rate capability 
measurements. Moreover, different amounts of conductive carbon were added to 
these active materials, up to 40 wt%, with the purpose of increasing the electronic 
conductivity, keeping the material nanostructure the same, and the electrochemical 
performance for each carbon content sample was tested. Finally, a new 
experimental technique named “Identical Location Transmission Electron 
Microscopy” (IL-TEM) has been implemented to visually track the morphological 
changes of the NiO active material during electrochemical cycling.  The work 
presented in this Chapter was published in the Journal of Power Sources [1].  
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2.1   Experimental 
 
2.1.1 Material Synthesis Techniques  
    Three distinct nanostructures of NiO were prepared via different synthesis 
procedures: reflux-induced precipitation (denoted R–NiO), NaOH-induced 
precipitation (N–NiO) and ordered mesoporous NiO (O–NiO). For all synthesis 
methods, 18.2 MΩ deionized water from a Millipore Direct-Q 3UV purification 
system was used, and all reagents were used as received. 
• R–NiO was synthesized by preparing a 0.5 M Ni(NO3)2 (Acros, 99%) 
solution in 10 M NH4OH (Fisher, certified ACS Plus) and boiling under 
reflux for 24 h, followed by a rest period at room temperature for an 
additional 24 h. The precipitate was then rinsed and filtered with copious 
amounts of deionized water, dried overnight at 90 °C, and calcined in air at 
500 °C for 3.5 h. 
• N–NiO was synthesized by preparing an aqueous 0.5 M Ni(NO3)2 solution 
and quickly adding 10 M NaOH (Fisher, NF/EP/BP/FCC) while stirring 
until the pH rose to around 10. pH was actively monitored using an Accumet 
Excel XL60 Dual Channel pH/Ion/Conductivity/DO Meter. The solution 
was then set to rest and covered for 24 h at room temperature. The 
precipitate was then rinsed and filtered with excess deionized water, dried 
overnight in air at 90 °C, and calcined in air at 500 °C for 3.5 h. 
• O–NiO was fabricated via a template-based synthesis method using an 
ordered mesoporous silica template (SBA-15), following the procedure 
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described in Figure 2.1. The synthesis of SBA-15 can be found in our 
group's previous publications [2,3]. Wet impregnation of the SBA-15 
template was performed dropwise with aqueous 0.5 M Ni(NO3)2 until a 
ratio of approximately 6.3 mL/gSBA-15 was reached. The resulting gel was 
manually stirred until homogeneous, followed by calcination in air at 
400 °C for 3.5 h. Template was then etched away via two sequential 12-h 
soaks in hot (100 °C) 5 M KOH with a deionized water rinse and 
centrifugation (2000 rpm for 30 min) using a Thermo Scientific Sorvall 
Stratos Centrifuge. The final product was then rinsed, centrifuged and dried 
overnight. 
 
2.1.2 Chemical and Structural Characterization Techniques  
    Powder X-ray diffraction (XRD) patterns were collected on a Bruker D2 Phaser 
with Cu K radiation (=1.54184 Å) at room temperature with an operating voltage 
and current of 30 kV and 10 mA. Scanning Electron Microscopy (SEM) was 
performed using an FEI Quanta FEG250 Scanning Electron Microscope. 
Transmission Electron Microscopy (TEM) was conducted using a JEOL 2010 
FasTEM Microscope. IL-TEM and STEM images were collected by using a FEI 
Talos F200X TEM/STEM at an accelerating voltage of 200 kV. Brunauer-Emmett-
Teller (BET) analysis was completed via N2 adsorption isotherms at 77 K, collected 
using a Micromeritics ASAP 2020 system. Samples for BET analysis were 
degassed under vacuum at 150 °C for 16 h prior to N2 adsorption. 
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Figure 2.1: Schematic for synthesis of ordered mesoporous nickel oxide 
(O-NiO).  Adapted from [2]. 
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2.1.3 IL-TEM Technique 
    For identical-location TEM (IL-TEM) experiments, a 3 mm diameter copper 
TEM finder grid (Ted Pella, Inc., 100 mesh) was lightly sprayed with an O-NiO ink 
containing 10% PolyVinyliDene Fluoride (PVDF) binder and dried on a hot plate 
at 100°C. After initial TEM imaging, the Cu grid was cycled using a custom-built 
Teflon-shrouded copper electrode with a Teflon cap, which is pictured in Figure 
2.2, and shown more in details in [2]. The cap applied pressure to the grid to ensure 
electrical contact with a Cu disk electrode underneath, and also facilitated 
electrolyte access to the TEM grid via the tapered opening in the center.  Inside the 
argon-purged glove box, the electrode/TEM grid setup was pressed into a strip of 
Celgard and lithium metal and dipped into a beaker containing (1:1:1 volumetric 
ratio) Ethylene Carbonate (EC) : DiMethyl Carbonate (DMC) : DiEthyl Carbonate 
(DEC) electrolyte (Figure 2.3). Two CVs were then performed between 0.001 – 
3.0V at 0.1mV/s to cycle the O-NiO particles, and then the electrode/TEM grid 
setup was gently dried at room temperature for 48 hours without rinsing to prevent 
excessive particle detachment. Lastly, the grid was inserted into the TEM 
equipment with the same exact orientation as before cycling, to allow the second 
set of images to be taken on the exact same areas as the first set, in order to evaluate 
the local morphology change due to the electrochemical cycling. 
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Figure 2.2: Pictures of (A) Teflon-shrouded copper rod electrode alone and (B) 
electrode with Teflon cap holding Cu TEM grid in place. [4] 
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Figure 2.3: Experimental setup for IL-TEM grid cycling. [4] 
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2.1.4 Anode Fabrication and Coin Cell Assembly 
    NiO/Vulcan anodes were prepared from inks comprised of 90 wt% NiO + 
Vulcan carbon (10 %, 20%, 30 % and 40 % Vulcan XC-72R, Cabot) and 10% 
PVDF binder (Kynar blend). The components were dispersed in N-
methylpyrrolidone (NMP, Acros, 99.5% Extra Dry) solvent and the final ink 
(typically 90mg of active material dispersed in 800 μl of solvent) was homogenized 
through repeated and successive 15 minutes sonication (4 times) and mechanical 
stirring overnight. A copper foil (Alfa Aesar, 99.999%) was mechanically 
roughened and cleaned with isopropanol (Fisher, Optima) before being used as the 
current collector.  The active material ink was sprayed with an Iwata model sprayer 
onto the Cu foil to a uniform thickness.  To form the final electrode, the sprayed 
foil was heated under vacuum at 100°C for 24 hours, pressed at 1500 lbs, and then 
calendared with a 0.3 mm gap.  The resulting electrodes were massed to obtain the 
loading.  For all electrodes fabricated in this study, the active loading was held 
between 0.5 and 1.5 mg/cm2. 
    Coin cells were constructed to test NiO anodes in a half-cell configuration. The 
materials used were 2.0 cm diameter coin cells (Hohsen Corp.), lithium metal (Alfa 
Aesar, 99.9%) as the cathode, and Celgard 2320 tri-layer PP/PE/PP as the separator. 
A 1 M lithium hexafluorophosphate (LiPF6, Acros 98%) solution in (1:1:1) 
ethylene carbonate (EC, Acros 99+%) : dimethyl carbonate (DMC, Acros 98+%) : 
diethyl carbonate (DEC, Acros 99%) was prepared and used as the electrolyte. In 
an argon-purged glove box (Labconco), 15 μL of electrolyte was pipetted onto each 
side of the separator, which was punched to a diameter of 1.9 cm, while the anode 
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and cathode were cut to 1.5 cm diameter circles. The components were then pressed 
and sealed into the coin cell hardware before being safely removed from the glove 
box for electrochemical testing. 
 
2.1.5 Electrochemical Testing 
    All charge/discharge C-rate calculations were based on the theoretical capacity 
for NiO of 718 mA h/g. All electrochemical experiments, with the exception of 
impedance tests, were conducted using an Arbin MSTAT battery test system. 
Electrochemical Impedance Spectroscopy (EIS) was performed using an Autolab 
PGSTAT302N Potentiostat (Eco Chemie) between 100 kHz–50 mHz with a 5 mV 
amplitude at open circuit voltage. Cyclic Voltammetry (CV) was collected between 
0.001 and 3.0 V at a scan rate of 0.1 mV/s.   
 
2.2 Results and Discussion  
 
2.2.1 R-NiO and N-NiO Physical and Electrochemical Characterization 
    Initially, in order to understand the effect that different active material morphologies 
have on the conversion reaction reversibility and cycle performance, two different material 
nanostructures were investigated:  R–NiO and N–NiO. The two active materials were first 
imaged using SEM and the images are shown in Figure 2.4. R-NiO (Fig. 2.4a) displayed 
blade-like, porous features that resembled stacked plates. Conversely, N-NiO (Fig. 2.4b) 
showed a homogeneous distribution of nanosized spheres with an approximate average  
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Figure 2.4: SEM images for two different NiO microstructures prepared via different 
synthesis methods. (a) R-NiO; (b) N-NiO. 
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diameter of 30 nm. Therefore, the two synthesis methods allow for the formation 
of two very different nanostructures.  
    Next, XRD patterns were obtained for the two active materials in order to verify 
the formation of NiO as well as ensure that no contaminants remained on the active 
material surface from the synthesis procedure, Figure 2.5. The five peaks located 
at 37, 43, 62, 76 and 79 degrees (2) are all characteristic of the nickel oxide face-
centered cubic (FCC) crystal structure [5,6] and correspond to the (111), (200), 
(220), (311) and (222) Miller planes, respectively. No secondary phases or evidence 
of synthesis contaminants were observed.   
     Additionally, the surface area of both active materials was evaluated by BET 
analysis, reported in Figure 2.6.  N2 adsorption isotherms showed type II behavior 
with minimal hysteresis, indicating dense particles lacking appreciable internal 
porosity or external mesoporosity. Their BET specific surface areas were calculated 
using relative pressures (P/Po) between 0.07 and 0.2, resulting in comparable 
surface area values for the two active materials, namely of 42.0 m2/g for R-NiO and 
31.0 m2/g for N-NiO.  
    Figure 2.7 showed the capacity retention tests for both R-NiO and N-NiO at a 
1C current rate for 100 cycles. The initial capacity at cycle 1 was 660 and 633 
mAh/g for R-NiO and N-NiO, respectively, which is comparable to the theoretical 
capacity for NiO (718 mAh/g). However, in the following 10 cycles, both materials 
experienced a dramatic capacity fade, retaining only ca. 100 mAh/g at cycle 11, 
which eventually dropped to almost no capacity at cycle 25, highlighting very poor 
conversion reaction reversibility. Therefore, this was a first indication that,  
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Figure 2.5: XRD patterns for R-NiO (red line) and N-NiO (blue line). 
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Figure 2.6: Nitrogen adsorption isotherms at 77K for R-NiO and N-NiO. 
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Figure 2.7: Capacity retention tests for R-NiO and N-NiO at a 1C current rate for 
100 cycles. 
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independently from the material nanostructure (significantly different from each 
other), the batteries have reached end of life in a very short term. 
    To diagnose the reasons for this fade, post cycling XRD was carried out and the 
patterns are displayed in Figure 2.8. Unfortunately, this technique presents a major 
drawback, that is the three main peaks at 43.8, 50.5 and 74.6 corresponds to metallic 
copper [7] – a derived from the current collector underneath the active material 
layer. The magnitude of these peaks is so much larger than all the other peaks in 
the pattern that it is difficult to detect weak signals from species present in low 
concentrations. Nonetheless, it is still possible to detect at least two peaks 
ascribable to nickel oxide and one new peak at 44.5 degrees that arises from cycling 
the material inside the cell which can be ascribed to nickel in the metallic state. The 
presence of Ni is a clear indication that one of the main reasons for the capacity 
fade is the poor reversibility of the conversion reaction. In essence, the active 
material is being trapped in the charged state. Also, it should be noted that the 
ability to detect the Ni metal by XRD suggests significant phase separation between 
the Ni and Li2O during the conversion reaction.   
Recalling Figure 1.13 of the previous chapter, Ni and Li2O are two different phases 
forming during the electrochemical conversion of NiO during the charge process, 
following the stoichiometry: 
     OLiNieLiNiO 222 

                                                         (2.1) 
However, during the discharge, all of the metallic Ni should be re-converted back 
to nickel oxide. Since both capacity retention tests ended during the discharge, no 
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Figure 2.8: XRD patterns comparison between prime material (red line) and after 
100 cycles (blue line) for R-NiO (a) and N-NiO (b). 
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metallic Ni should have been detected during XRD analysis if the re-conversion 
had been 100 %. As previously mentioned, this behavior is mainly ascribed in the 
literature to the formation of Li2O, a very stable, non-electronically conductive 
phase, which very much hinders the electron transfer from the current collector to 
the material active sites.  
    Since XRD results pointed in this direction and the nanostructures created in the 
present case study for NiO were not successful, the second possible strategy to 
improve metal oxide materials – increasing electronic conductivity – was followed.  
In this work the electronic conductivity, initially just the inter-particle conductivity, 
was enhanced through the addition of carbon to the anode layer.  Figures 2.9 (a) 
and 2.9 (b) show capacity retention tests for R-NiO and N-NiO, respectively, with 
the inclusion of 10-40 wt% Vulcan carbon, in 10 wt% increments.   
    There is a very clear trend established from the capacity retention plot: the higher 
the carbon content, the better the capacity retention and cycleability (being able to 
maintain the same capacity every cycle) of the material. R-NiO exhibits a linear 
improvement with the carbon content, whereas for N-NiO the biggest increase in 
reaction reversibility was from 10 wt % to 20 wt % carbon content. Nonetheless, 
the capacity for 40 wt. % Vulcan carbon displays a similar end value for both 
materials, ca. 500 mAh/g. This result indicates that carbon had a synergistic effect 
on the NiO anode performance likely by imparting conductivity to phase-separated, 
and/or minimally-conductive, species (Li2O), which facilitated improved phase 
transformation between NiO and Ni + Li2O.  
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Figure 2.9: Capacity retention plots over 100 cycles for R-NiO (a) and N-NiO (b) 
nanostructures with increasing carbon content from 0% to 40% at a 1C current rate. 
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    Charge/discharge curves shown in Figure 2.10 further support this point, as the  
 plateau corresponding to the NiONi + Li2O reaction (Eq. (2.1)) between 1.0 and 
1.5 V vs. Li/Li+ was still observed even after 100 cycles at 1C for anodes with 
added carbon. The initial irreversible capacity loss also shows a very clear trend, 
increasing from 15.2 % and 5.6 % for pure N-NiO and R-NiO respectively, up to 
30.3 % and 21.7 % for N-NiO and R-NiO with 40 wt. % carbon. This can be 
explained considering that the capacity gap between cycle 1 and 2 is due to the 
formation of the Solid Electrolyte Interphase (SEI).  
    SEI growth results from irreversible electrochemical decomposition of the 
electrolyte, which competes with the desired faradaic half-cell reaction at the 
electrode surface. In the case of Li-ion batteries, the SEI is formed at the negative 
electrode because typical electrolytes are not stable at the operating potential of this 
electrode during charging. The product of this decomposition forms a solid layer 
on the surface of the active material, which also helps protecting the active material 
and the electrolyte from further decomposition. A huge variety of compounds has 
been observed in this layer, as depicted in Figure 2.11. A large portion of the species 
are carbon based compounds, for example: lithium carbonate (and semi 
carbonates), lithium fluoride, lithium oxide and polyolephines [8]. This layer is 
formed over the entire surface area of the electrode. Therefore, the higher the 
amount of carbon doped in the active material, the more extensive the SEI and 
irreversible capacity loss since the addition of Vulcan carbon increases the 
electrode active surface area (the average carbon nanoparticle size is only 50 nm). 
As a result, more material is directly in contact with the electrolyte and therefore,  
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Figure 2.10: Charge-discharge curves at 1C for R-NiO (a) and N-NiO (b) with 
40% carbon at different cycle number. 
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Figure 2.11: Proposed SEI composition for a carbon based anode (adapted from 
[8]) 
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this results in a larger formation and coverage of SEI. The same synergistic effect 
can also be detected at higher rates. In fact, Figure 2.12 shows the rate capability 
data for R-NiO (a) and N-NiO (b) at six different current rates.The addition of 
carbon to the NiO electrodes, and the NiO structure, also impacted the rate 
capability. Indeed, it is only the usage of conductive carbon into the electrodes that 
allowed the rate capability to be tested for these materials at all. It should be noted 
that it is not practical for real lithium-ion battery anodes to contain as much as 40% 
carbon; however, for the sake of this study it was relevant to investigate high carbon 
loadings in order to probe the effects of conductivity more thoroughly. Work 
discussed later in this thesis focuses on imparting high conductivity into the NiO 
electrodes at low carbon loadings. Both the 0% C samples experienced such rapid 
capacity fade that the experiment could not be run in its entirety. In both cases, the 
40% carbon samples yielded the best rate capability and capacity retention. The 
best performing material, R-NiO, achieved ca. 400 mAh/g and saw a negligible 
amount of capacity fade during the experiment, which can be seen from the C/10 
data taken at the beginning and end of the test. The data in Figure 2.12 also suggests 
that the mass transport of Li+ is not negatively impacted by carbon presence.  
    The influence of carbon on the charge–discharge kinetics, SEI and mass 
transport was studied by EIS. As a representative example, data from 0% to 40%  
carbon in N–NiO is shown in Figure 2.13. The general shape of all of the Nyquist 
plots was the same and, thus, the same electrochemical circuit was used for data 
analysis (Figure 2.13). The high frequency intercept (Zi = 0) corresponded to the 
Ohmic resistance of the electrolyte. Two semicircles were observed; the first was  
 62 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.12: Rate capability plots at 6 different current rates for R-NiO (a) and N-
NiO (b) nanostructures with increasing carbon content from 0% to 40%. 
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Figure 2.13: EIS Nyquist plots for N–NiO anodes with added carbon contents from 
0% to 40% after 3 and 100 charge–discharge cycles and equivalent electrical circuit 
used to deconvolute EIS data. 
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borne in the charge transfer (both electronic and ionic) resistance of the SEI, and 
the second was the kinetics for the NiO/Ni conversion reaction (Eq. 2.1). For all 
anodes, there was a clear trend in decreasing resistance with the inclusion of carbon. 
This is particularly true for the charge transfer resistance, which was reduced 
enough at high carbon contents to resolve the SEI semicircle. The improved kinetics 
with increased carbon content exactly correlates with the experimental results of 
improved capacity retention and rate capability observed with increased carbon 
content in the half cells. Between 20% and 40% carbon, the SEI resistivity was also 
substantially decreased.  
    The decrease of SEI resistance with increasing carbon loading is a very key point 
which was also detected by cyclic voltammetry. In fact, CVs were collected at 0%, 
10%, 20%, 30% and 40% added carbon. The CVs for R–NiO are shown in Figure 
2.14 while the N-NiO CVs are provided in Figure 2.15. Five CVs were run for each 
carbon loading over the entire voltage range (0.001–3.0 V vs Li/Li+) at a scan rate  
of 0.1 mV/s. For all cases, the first negative-going scan (solid black line) saw a 
very large reduction peak from the formation of the SEI [10], and the potentials for 
this SEI reduction peak for both NiO materials as a function of the added carbon 
content are shown in Figure 2.14 (f). Interestingly, the reduction potential for SEI 
formation always shifted to more positive values as the carbon loading was 
increased, suggesting that the presence of carbon influences the SEI formation. At 
the same time, adding carbon did not substantively increase the area under the SEI 
region of the negative-going CV until the carbon loading was >20 wt % (Figure 
2.16). In combination, these observations suggest that the dominant mechanism for  
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Figure 2.14: Cyclic voltammograms for the first five (5) cycles for R–NiO samples 
with several additions of Vulcan XC-72R carbon: (A) 0%; (B) 10%; (C) 20%; (D) 
30%; (E) 40%. (F) shows measured potentials for SEI reduction peak for each NiO 
microstructure and added carbon %.   
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Figure 2.15: Cyclic voltammograms for the first five (5) cycles for N–NiO samples 
with several additions of Vulcan XC-72R carbon: (A) 0%; (B) 10%; (C) 20%; (D) 
30%; (E) 40%.   
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Figure 2.16: Areas under the curve from the SEI formation peak (cathodic peak 
beginning around 0.5-0.6V vs. Li/Li+ shown in Figure 2.14 and 2.15 of Cyclic 
Voltammograms, normalized with respect to the NiO mass in each electrode. 
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improving the reaction reversibility is a reduction in IR resistance of the electrode 
layer as carbon was added, which clearly supports the EIS data.  
     Finally, after the first cathodic scan, some common features have been observed 
for all materials: in the first anodic scan, two clear peaks are seen at 1.3 V and 2.2 
V. The former is ascribed in the literature [11] to partial decomposition of the SEI 
and re-conversion of the Li2O phase and the latter is due to re-conversion of 
metallic nickel back to NiO. In the following cycles, two cathodic peaks are always 
observed, at 0.01 V and 0.9 V, which correspond to Li ion intercalation in the 
graphene matrix and NiO conversion, respectively [10]. The peak positions were 
consistent for all of the NiO anode materials, indicating that even a large amount 
of carbon added to NiO active material does not affect the intrinsic chemistry of the 
NiO conversion reaction.      
    Coming back to Figure 2.13, the second distinct trend was observed in the low 
frequency Warburg impedance region. The angle of the straight line in the Nyquist 
plot was approximately 43° for 0% carbon NiO; however, the angle increased to 
approximately 74° for 40% carbon NiO. The increase in angle of the Warburg 
impedance region can be attributed to a diffusion process in porous media that is 
approaching pure capacitive behavior (which would be a vertical line) [12,13]. This 
suggests increasing the carbon loading also improves Li+ diffusion in the electrode 
via the pore structure of the carbon black additive [14], explaining the excellent rate 
capability for this material. Finally, the similarity in plots for the higher carbon 
content anodes (particularly 40 wt% C) for the 3× and 100× cycled samples further 
corroborates the capacity retention and rate capability data shown in this work. On 
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the other hand, with 0% carbon added to the anode there is a large difference in 
both shape and magnitude of charge transfer resistances before and after cycling.  
 
2.2.2 Surface Area Effect: Ordered Mesoporous Nickel Oxide 
    One important parameter that had not been investigated yet is the effect of the 
surface area on the electrochemical behavior of the NiO anode materials. In fact, 
the yield of many redox reactions increases with number of increasing active sites 
on the catalyst or active material. This number usually grows as the surface area of 
the material of interest becomes larger. N-NiO and R-NiO have been found to have 
comparable surface area from BET analyses, thus the detected behavior 
discrepancies should be mainly ascribed to the differences in morphologies, 
therefore a surface area correlation with anode reversibility is missing and it has 
been investigated using O-NiO. The simple synthesis method, described in Section 
2.1.1, allows the formation of 5 nm rods of NiO in a very repeatable manner, due 
to the utilization of a hard silica template of finite size during the procedure.    
    First, the O-NiO was characterized by TEM to confirm the rod size, distribution 
and repeatability (Figure 2.17). The low magnification image showed a very 
homogenous distribution of the nanorods, with some darker areas due to 
overlapping of more than one layer of nanorods. The image also confirmed the 
nanorods to possess an average diameter of 5 nm. To further characterize the 
material, STEM images of the ordered mesoporous nickel oxide were collected and 
are presented in Figure 2.18. Figure 2.18 (a) shows a dark field image of a broad 
area that is pictured more closely in Figure 2.18 (b). The rods looked very compact  
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Figure 2.17: TEM low magnification image of ordered mesoporous NiO. 
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Figure 2.18: (a) Dark field high magnification TEM image of the O-NiO nanorods. 
(b) Details of the nanorods shape and size, with corresponding mapping for (c) 
nickel signal, (d) oxygen signal , (e) carbon signal, (f) fluorine signal. 
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and close to each other and they showed a constant diameter of 5 nm. Figure 2.18 
(c) and (d) confirms that the rods are made of nickel oxide; the overlapping of the 
Ni and oxygen signals is very well defined. This was also confirmed by XRD 
(Figure 2.19).  Lastly, Figure 2.18 (e) and (f) showed the presence of the PVDF 
binder as expected, particularly in proximity of the material bulk.      
    The XRD patterns were identical to those of R-NiO and N-NiO that were 
previously shown (Figure 2.5). Again, five peaks typical of the FCC crystal 
structure of NiO was observed. To evaluate the surface area of the material, BET 
analysis was carried out on O-NiO as well and the results are presented in Figure 
2.20 (a) and (b). The isotherm seen in Fig. 2.20 (a) exhibited type IV behavior with 
a hysteresis loop at higher relative pressures, which resulted from capillary 
condensation in mesopores [2,15]. The extension of the hysteresis loop to relative 
pressures of around 0.7 – 0.75 indicated a varying range of mesopore sizes, which 
was also confirmed by the pore size distribution seen in Fig. 2.20 (b). A bimodal 
distribution was observed with a sharp peak around 3.3 nm and a broad peak around 
25-35 nm indicating the interparticle mesoporosity, which was on par with the 
observed cluster sizes. The calculated surface area was 80.4 m2/g, which is more 
than double the value of the surface area of R-NiO and N-NiO.  
    Afterwards, the cell reversibility was tested by capacity retention experiments. 
As in the previous cases, 5 different compositions were considered, including the 
bare O-NiO material, and four samples with linear increase of Vulcan carbon 
weight %, ranging from 10 to 40 %. The results are represented in Figure 2.21. The 
plot shows the exact same trend that was observed for N-NiO and R-NiO, that is  
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Figure 2.19: XRD spectrum for O-NiO. 
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Figure 2.20: (a) N2 adsorption isotherm collected at 77 K; and (b) pore size            
distribution for O-NiO. 
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Figure 2.21: Capacity retention plot over 100 cycles for O-NiO nanostructure with 
increasing carbon content from 0% to 40% at a 1C current rate. 
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the higher the carbon amount, the larger the reaction reversibility and therefore the 
capacity value. The bare NiO sample experienced a deep capacity fade in the 
first few cycles, reaching almost no charge at cycle 20. Adding conductive carbon 
gradually improved the capacity, reaching the best cycleability with 40 % Vulcan 
carbon, which showed almost 500 mAh/g at cycle 100 at 1C. Although the  capacity 
improved, the R-NiO showed the highest values, which seems to indicate that the 
increase in surface area did not have a positive impact on reversibility. 
    EIS was also carried out on this material (Figure 2.22), similar to what previously 
presented for N-NiO (Figure 2.13). The widths of the first semicircle for 0%, 10% 
and 40% were found to be 188 Ω, 52 Ω and 21 Ω, respectively, and the widths of 
the second semicircle for 0%, 10% and 40% were found to be 293 Ω, 72 Ω and 41 
Ω, respectively. Therefore, similarly to the previous case, a clear trend of 
decreasing charge transfer resistances for both the SEI and Li+ transport as the 
carbon black percentage increased is confirmed. Summarizing, what derives from 
the previous experimental observations is that there does seem to exist a positive 
correlation between increasing surface area of the nickel oxide active material and 
increasing capacity of the cell. Additionally, the NiO microstructure seems to have 
a minimal effect on the anode behavior.  Nevertheless, there are still two important 
features to investigate: how cycling and carbon % impact material nanostructure. 
 
2.2.3 O-NiO Il-TEM 
    In order to observe the structural changes occurring during electrochemical 
cycling, our group developed a unique IL-TEM technique for battery materials [2],  
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Figure 2.22: (A) EIS Nyquist plots for O-NiO anode coin cells with 0%, 10% and 
40% carbon black after 3 charge/discharge cycles. (B) shows green boxed section 
zoomed in. 
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which was detailed in section 2.1.3. In short, spraying the active material on a TEM 
copper grid, it was possible to image the exact same areas on the grid before and 
after electrochemical cycling. This is a very powerful tool to observe the 
morphological and compositional changes of the active material in the 
cell after lithiation and delithiation processes. O-NiO was the perfect candidate for 
this task, because of the high repeatability, homogeneity and predictability of the 
material nanostructure and the ease to be imaged under TEM. Figure 2.23 displays 
the material nanostructure imaged before cycling and after 2 electrochemical cycles 
for the two extreme cases of bare O-NiO and 40 wt. % Vulcan carbon / 60 wt. % 
O-NiO. Bare O-NiO looks as one would expect with the overall structure 
maintaining its features after electrochemical cycling, with the only thing that 
changes slightly being the orientation of some of the nanorods; however, the 40% 
carbon O-NiO shows very different results. After only two electrochemical cycles, 
the nanostructure is completely transformed when carbon is added, so much that it 
is not possible to clearly detect the nanorods anymore.  
    The TEM images suggest two possible explanations for this behavior:  it is 
possible that the domain size for the Ni / Li2O phases is kept very small with the 
addition of the high conductivity carbon, allowing for more of the capacity to be 
retained. It is also possible that the nanorods merge together forming larger NiO 
clusters in the bulk, including carbon inside them, which facilitates the electron 
transfer and increase the capacity. More investigation to confirm whether the first 
or the second hypothesis, or a combination of both is the correct one will be carried 
out in the next paragraph and in the next chapter. However, here it is important to  
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Figure 2.23: Identical-Location TEM images for O-NiO deposited onto a Cu TEM 
finder grid with 0% and 40% added carbon before and after two electrochemical 
cycles. 
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highlight a critical discovery: even though the NiO metal oxide anode with 40 % 
conductive carbon showed the best reaction reversibility, capacity and cycleability 
over 100 cycles, its material nanostructure is completely lost after only two 
discharge cycles. This, in conjunction with the reduced resistances caused by  
increasing carbon content, seems to indicate that conductivity is a much more 
crucial property to overall performance than structure. 
 
2.2.4 O-NiO SEI Detection and Nanorod Transformation Focus  
    In order to understand what happens to the O-NiO nanostructure during the first 
cycles of cell operation, and determine which process leads to the total loss of NiO 
nanorods with 40 % Vulcan carbon added after only two cycles, further TEM 
investigation has been carried out. Figure 2.24 (a) shows a low magnification image 
that shows that the nanorod features of the ordered mesoporous NiO were clearly 
visible. Figure 2.24 (b) presents a low magnification image of the same area after 
two electrochemical cycles, which specifically focuses on the red circled area in 
Figure 2.24 (a). The overall area shape is very similar to the prime material, but the 
nanorods features are once more lost after cycling. Figure 2.24 (c) shows a high 
magnification image of the area close to the edge of the sample. It is possible to 
clearly observe the presence of small, spherical nanoparticles, which were not 
present before cycling. Figure 2.24 (d) shows a higher magnification image, 
confirming the spherical shape of the nanoparticles, which are characterized by an 
average diameter of  3.5 nm.                                                                                                                 It  
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Figure 2.24: (a) Low magnification Identical-Location TEM image for O-NiO 
40% Vulcan before cycling. (b) Low magnification Identical-Location TEM image 
for O-NiO 40% Vulcan before cycling including the red circled area in (a). (c) High 
magnification image of the curvy edge of (b), showing very small, spherical 
nanoparticles. (d) Lattice image of the spherical nanoparticles.  
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    It is now important to understand if these nanoparticles are much smaller 
domains of the initial NiO nanoparticles related to the incomplete re – conversion 
reaction (in which case they would be identified as metallic Ni) or if they are related 
to something else, like the SEI formation. 
In order to shed light on the nanoparticles composition, STEM images of the 
selected area were acquired and are presented in Figure 2.25. Figure (a) shows a 
dark field image of the same area as Figure 2.24 (c). This image has been 
elementally mapped, searching for all of the elements expected to be present in a 
Li ion battery. From Figure 2.25 (b), it looks very evident that there is no matching 
between the nanoparticles and the Ni signal, with the small exception of the top left 
corner. This implies that the nanoparticles are neither related to the Li2O + Ni 
phases, nor to the re-conversion to smaller domain size of NiO during the discharge. 
This proved an earlier hypothesis from our group [2] to be false.  Conversely, there 
is a significantly more accurate match between the nanoparticles and the oxygen 
(c), carbon (d), fluorine (e) and phosphorus (f). Therefore, the nanoparticles are 
most likely belonging to specific fluorine, phosphorus and especially carbon based 
compounds, which represents the core of the SEI layer, as mentioned in Figure 
2.11. Further proof can be found in Figure 2.24 d, where 2 layers of material were 
observed. The first layer extends from the sample edge almost all the way to the 
right side of the image, for a total thickness of 50 nm. This is believed to be the 
SEI layer, whose thickness would be in good agreement with that reported in the 
literature [16-18]. The second, darker layer which begins on the right corner of the 
image corresponds to the bulk material, where more NiO seems to be present.  
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Figure 2.25: (a) Dark field high magnification Identical-Location TEM image 
matching the same active material area of Figure 2.24, with corresponding mapping 
for (b) nickel signal, (c) oxygen signal, (d) carbon signal, (e) fluorine signal and (f) 
phosphorus signal. signal.  
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    Having detected the small particles as the components of the SEI layer, there is 
still the need to understand how the nanorods lost their structure, and where the 
NiO active material is located, if not lost during cycling. In order to do that, the O-
NiO was cycled only 1 time, with 40 wt. % Vulcan carbon and no carbon added as 
well, to also elucidate the effect that adding conductive carbon has on these 
morphological transformations. Finally, some specific areas of the sample grid 
were imaged for the 40 wt. % NiO sample after 1 electrochemical cycle, one of 
which is reported in Figure 2.26 (a). Figure 2.26 (b) shows a higher magnification 
image of the rods, highlighting how the SEI is being created and expanding in the 
interstitial spaces of the nanorods (it is possible to see the small nanoparticles 
previously reported) and especially on their surface. Figures 2.26 (c) and (d) present 
very high magnification images, confirming that the nanorods still possess quite a 
spherical shape but the average diameter has become much larger, from 5 nm to 30 
nm, as a probable consequence of volumetric expansion during cycling. These two 
images also show how the nanorods are entangling with each other, going towards 
what looks like an agglomeration process.    
  To further confirm the composition of the structures, STEM has also been carried 
out and the results are summarized in Figure 2.27. Figure 2.27 (a) shows the same 
nanorods as Figure 2.26 (a). Differently from Figure 2.25, Figure 2.27 (b) clearly 
shows a strong Ni signal, identifying them as the O-NiO nanorods. Moreover, 
oxygen (c), fluorine (d) carbon (e) and phosphorous (f) signals are present 
everywhere, which shows how the SEI, even if it grows preferably on the active 
material exposed surface, is present in the interstitial sites between the nanorods.                                                                                                               
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Figure 2.26: (a) Low magnification TEM image for O-NiO 40% Vulcan after 1 
cycle, displaying the cycled nanorods. (b) High magnification TEM image for O-
NiO 40% Vulcan after 1 cycle focusing on nanorods and SEI formation. (c) and (d) 
High magnification TEM images displaying details of the nanorods shape and size 
after electrochemical cycling. 
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Figure 2.27: (a) Dark field high magnification TEM image matching the same 
active material area of Figure 2.26, with corresponding mapping for (b) nickel 
signal, (c) oxygen signal, (d) fluorine signal, (e) carbon signal and (f) phosphorus 
signal. 
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    The same experiment was also carried out for the O-NiO material with no carbon 
in it. The corresponding TEM images are shown in Figure 2.28. After 1 cycle, it 
was much easier to detect the presence of the nanorods for this sample when 
compared to the previous 40 wt. % carbon NiO. One particular area was selected 
and presented in Figure 2.28 (a). Figure 2.28 (b) and (c) are high magnification 
images focusing on the nanorods near the edge of the selected area. First, the 
nanorods exhibit a smaller diameter when compared to the previous case after 1 
cycle, 10 nm on average. Moreover, the nanorods are still well defined and there is 
less entanglement and agglomeration in the imaged area. These observations 
suggest that the presence of carbon accelerates the creation of larger nanorods, 
which are then merging together to form bigger clusters. Moreover, the SEI 
formation appears to be relatively less thick than in the previous case, supporting 
the theory that a large portion of the species that constitute the SEI are phosphate, 
fluorine and lithium compounds containing carbon, possibly carbonates.   
    Figure 2.29 summarizes the agglomeration hypothesis during electrochemical 
cycling.  The NiO nanoparticles are gradually converted to metallic Ni and Li2O 
phase. The following re-conversion to NiO, with consequent loss of two Li ions per 
molecule of NiO, causes the particles to swell, triggering a volumetric expansion, 
which is reported for most metal oxide anodes [19-22]. In this specific case, the 
rods, after only one cycle, undergo a visible change in size, especially when carbon 
is present. This, in only two cycles for the case of the NiO 40 wt. % carbon, leads 
to the formation of large agglomerates of nickel oxide, until the bulk becomes one 
giant cluster, whereas close to the edges of the samples (where usually the TEM  
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Figure 2.28: (a) Low magnification TEM image for O-NiO without Vulcan carbon 
after 1 cycle, displaying the cycled nanorods. (b) and (c) High magnification TEM 
images for O-NiO 40% without Vulcan carbon after 1 cycle on the same area of 
Figure (a), focusing on nanorods expansion, agglomeration and SEI formation.  
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Figure 2.29: Schematic of agglomeration of O-NiO nanorods during 
electrochemical cycling (adapted from [23]).  
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images are taken because the sample thickness is small and there is no particle 
overlapping) only the SEI layer particles, which extends for about 50 nm, can be 
detected. This would explain why, in the STEM images, the nickel signal is very 
weak, and almost no nickel oxide particles are detected. 
    One last piece of evidence is presented in Figure 2.30, which shows a zoomed 
area a NiO 40 wt. % Vulcan sample. After careful surveying of the whole surface, 
this area was selected because it undoubtedly shows how the agglomeration process 
occurs. In fact, focusing on the two red circled areas of the Figure, it is possible to 
see that the rods are merging together, losing their spherical features and forming 
two distinct, larger, darker clusters. Moreover, at the edge of the shown area, once 
more an SEI of 50 nm thickness can clearly be seen.  
 
2.3     Conclusion  
In conclusion, two main important discoveries of this Chapter have to be pointed 
out.  First, carbon addition is a more effective way to enhance reaction reversibility 
and capacity retention of metal oxide anodes for Li ion batteries than controlling 
the nanostructure.  In fact, it was shown that, at least for O-NiO, the nanostructure 
is most lost after only a few electrochemical cycles. Second, the nanorod features 
cannot be detected at the edges of the samples because the metal oxide particles 
merge together as cycling proceeds, to eventually form one large metal oxide 
cluster. One question is left open here, that is what occurs to the added carbon and 
why is the capacity much higher when carbon is added, even if the agglomeration 
process occurs much faster. Carbon is probably engulfed in the metal oxide clusters, 
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but are there physical variables that are feasible to measure that can be related to 
reaction reversibility and capacity? This will be the focus of the next Chapter.   
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Figure 2.30: High magnification TEM image for O-NiO 40% Vulcan after 1 cycle 
focusing on nanorods agglomeration (red circled areas). 
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CHAPTER 3: EXPLAINING THE ROLE AND MECHANISM OF CARBON 
MATRICES IN ENHANCING REACTION REVERSIBILITY OF METAL OXIDE 
ANODES FOR LI ION BATTERIES 
    The purpose of this chapter was to elucidate the role of the additive carbon on 
the electronic conductivity and electrochemical properties of NiO LIB anode 
electrodes. In order to do that, a simple synthesis method to create spherical NiO 
particles embedded into various loadings of reduced Graphene Oxide (rGO) (2.5, 5 
and 10 wt % rGO) was developed, and the material was characterized by XRD and 
TEM. Moreover, N-NiO with different amounts of conductive carbon black (0, 10, 
20, 30 and 40 wt%) was also utilized, because of its similar shape. For each anode, 
the corresponding electronic conductivity and electron carrier concentration was 
measured using Van Der Pauw method, which resulted in a logarithmic growth of 
conductivity and carrier concentration with increasing carbon content. Moreover, 
rate capability and capacity retention data for these materials were collected and 
compared, quantifying the very strong link between electronic conductivity and 
reaction reversibility.  Lastly, the intrinsic kinetics were probed by electrochemical 
impedance spectroscopy and Tafel slope analysis. This is, to the best of our 
knowledge, the first time that a study has been carried out which directly measures 
the electrode electronic conductivity and correlates conductivity values to the type 
(and quantity) of carbon added, the active material intrinsic electrochemistry, as 
well as the electrode capacity retention and rate capability. Understanding the 
influence of the electronic conductivity on the intrinsic and engineered properties 
of these anodes is critically important because it will allow researchers and device 
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designers to create electrodes that are optimized for high capacity, high density 
(low additive carbon content), long cycle life, and low cost – all of these are needed 
to enable the growth of LIBs into emerging markets and extend the LIB stronghold 
in existing markets. The work presented in this chapter was published in [1].  
 
3.1  Experimental 
 
3.1.1    Material Synthesis Techniques  
3.1.1.1 Reactants  
    Hydrazine (H4N2 35% aqueous solution, AC296815000), sodium hydroxide 
(NaOH, AC134070010), urea (CH4N2O, AC424585000), nickel nitrate 
hexahydrate (Ni(NO3)2-6H2O, AC223155000) and nickel(III) acetylacetonate 
(Ni(C5H7O2)2, AC128260250) were purchased from Acros Organics. Graphene 
Oxide (GO, catalogue number GNOS0010) was purchased from ACS Material. 
Vulcan XC-72R was obtained from Cabot.  All chemicals were used as received 
without any further purification. 
3.1.1.2 Synthesis of NiO/rGO  
    In a typical synthesis, stoichiometric amounts of nickel acetylacetonate and 
graphene oxide were combined in the following way. First, 9 g of Urea was 
dissolved in 50 ml of 18.2 M Millipore deionized water under mechanical stirring 
for one hour. At the same time, GO (37.8 mg for a final product of 10 wt% GO) 
was added to 100 mL of deionized water and ultrasonicated for 20 minutes in order 
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to exfoliate the graphene sheets. After exfoliation, the urea solution was added to 
the GO dispersion and sonicated for 20 minutes. Then, nickel acetylacetonate 
dissolved in 50 ml of deionized water was added and the final solution-dispersion 
was sonicated for 20 minutes. After sonication, the mixture was transferred to an 
oil bath and refluxed for 24 hours in air at 185 °C after addition of 1 ml of hydrazine 
solution in order to reduce the graphene oxide to reduced graphene oxide (rGO). 
The resulting Ni(OH)2/rGO solids were collected after multiple centrifugation steps 
at 1800 rpm, washing 5 times with water and 1 time with ethanol, and dried under 
vacuum at 50°C for 96 hrs. The final NiO/rGO anode material was obtained by 
annealing the dried sample at 400 °C for 3.5 hours in an argon atmosphere. An 
identical process was repeated to create NiO/rGO active layers with 2.5 wt% and 5 
wt% rGO. 
3.1.1.3 Synthesis of NiO/Vulcan Carbon  
    NiO was synthesized by a NaOH-induced precipitation method. An aqueous 0.5 
M Ni(NO3)2 solution was prepared and 10 M NaOH was quickly added while under 
mechanical stirring until a pH around 10 was reached. The pH was actively 
monitored using an Accumet Excel XL60 Dual Channel pH/Ion/Conductivity/DO 
Meter. The solution was then set to rest for 24 hours at room temperature. The 
precipitate was then rinsed and filtered multiple times with excess deionized water 
and dried overnight in air at 90°C. Lastly, the material was calcined in air at 500°C 
for 3.5 hours in a muffle furnace. The obtained NiO material was then dispersed in 
NMP and physically mixed with Vulcan Carbon in NMP to obtained the desired 
Vulcan amount (0, 10, 20, 30, 40 wt%, see section 2.1.4 for more information). 
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3.1.2    Chemical and Structural Characterization 
    X-ray Diffraction (XRD) was performed using a Bruker D8 Advance X-ray 
Diffractometer with Cu K radiation ( = 0.154 nm) at room temperature. Scanning 
Electron Microscopy (SEM) was performed using an FEI Quanta FEG250 
Scanning Electron Microscope. Thermo-Gravimetric Analysis (TGA) was 
performed using a Netzsch STA 449 F3 Jupiter instrument. X-ray photoelectron 
spectroscopy (XPS) was done using a PHI model 590 spectrometer with multipoles 
(Φ Physical Electronics Industries Inc.) and Al K radiation (= 1486.6 eV). 
Transmission Electron Microscope (TEM) images were collected using a JEOL 
2010 FasTEM at an accelerating voltage of 200 kV. Van Der Pauw resistivity 
measurements were carried out using a customized 4 probe set up [2]. In order to 
perform the Van Der Pauw measurements, NiO/rGO dense pellets were made using 
a 1.5 cm die and were obtained by pressing at for 5 minutes at room temperature 
under 10,000 lb load. The resulting pellet thicknesses ranged from 100 to 300 μm. 
For the NiO/Vulcan Pan Der Pauw measurements, several inks were prepared by 
dispersing NiO and Vulcan carbon in NMP, to obtain 10 %, 20%, 30 % and 40 % 
carbon to NiO weight ratio. The final ink was homogenized through 60 minutes of 
sonication, followed by mechanical stirring overnight. The resulting inks were 
either sprayed onto Cu foil to create anode electrodes (more details below) or 
sprayed onto one side of a rectangular glass slide (Arrayit Corporation, Cat. 
Number SMM2) for electrode conductivity measurements using an Iwata model 
sprayer. The resulting thickness of the sprayed NiO/Vulcan layers was between 5 
and 20 μm, evaluated by SEM cross-sections as in Figure 3.1.  
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3.1.3    Van Der Pauw Setup for Conductivity and Hall Measurements 
    The customized device [2] used for Van Der Pauw and Hall measurements is 
presented in Figure 3.2. The sample holder was a 6 cm x 1 cm x 6 cm brass chuck 
that was rested on top of a squared 10 cm x 0.4 cm x 10 cm glass-ceramic base. 
Four electrical probes were placed on the top of the ceramic base and connected to 
coaxial cables through the lower surface of the ceramic base. The contacts were 
flexible in length and orientation; therefore, they could be used to measure samples 
that of most possible shapes (not only squares). The sheet resistance of the sample, 
from which derives the resistivity, was obtained by measuring the voltage 
difference between two adjacent contacts while a current was applied to the two 
opposite adjacent contacts, as in Figure 3.3, and applying Equation 3.1:  
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where RS is the sheet resistance of the film, t is the thickness, R12,34 = V34/I12, R14,32 
= V32/I14, and F is a geometry correction factor that is found by: 
                 (3.2)  
 
with Rr = R12,34/R14,32 a measure of sample squareness. If Rr<1 , its reciprocal is 
used instead. The decrease of F as Rr increases is represented in Figure 3.4.    
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Figure 3.1: Thickness evaluation by SEM imaging for Van Der Pauw methodology 
of a cross section of a glass slide sprayed with a 70% NiO, 20 % Vulcan Carbon 
and 10 % binder ink.  
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Figure 3.2: Picture of the customized 4 probe Van Der Pauw setup with a glass 
printed sample in the center.  
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Figure 3.3: Sample contacts configuration for the van der Pauw resistivity 
measurement [2]. 
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Figure 3.4: Van der Pauw geometry correction factor F as a function of the ratio 
Rr [2]. 
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    Figure 3.4 shows how the geometry factor F is one when Rr is equal to one (when 
the sample is square), but it deviates from this value the more contorted the sample 
geometry. If the sample is square, and both Rr = 1 and F = 1, Equation 3.1 can be 
reduced to: 
     34,12
)2ln(
Rt 

                                                                                                          (3.3) 
To estimate the geometry correction factor, F, the voltage in contact 1 was swept 
and 2 was used as ground to measure R12,34. Furthermore, in the second 
configuration, 4 was used as ground to measure R14,32 (Figure 3.3). The parameters 
R12,34 and R14,32 can be calculated as the slopes of the curves V3-V4 versus I1 and V3-
V2 versus I1, respectively.  
     For the same samples, the carrier concentration and Hall mobility were 
calculated from another set of data obtained by applying a magnetic field 
perpendicular to the surface of the sample by means of a hard magnet with a fixed 
magnetic field intensity, B = 0.7 T. Once the data was obtained, the carrier 
concentration NCC could then be calculated from: 
    𝑁𝐶𝐶 =
𝐵
1.6⋅10−19⋅𝑡⋅𝑉𝐻∕𝐼
                                                                             (3.4) 
The term VH/I is determined using the configuration represented in Figure 3.5 as 
half of the difference between the slopes of I-V curves taken with the magnetic 
field intensity B oriented in the two opposite directions perpendicular to the sample: 
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Figure 3.5: Sample contacts configuration for Hall voltage measurement. [2]. 
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with R13,24 = V24/I13 and the sign +/- for B determines whether the magnetic field is 
oriented toward the sample or in the opposite direction. Applying the magnetic field 
in both directions perpendicular to the sample allows the influence of the magnetic 
field intensity, B, on the current passing through the sample to be quantified and 
cancel any systematic non-zero offset from the voltage measurement. The sign of 
VH/I, according to the orientation of the magnetic field, will determine whether the 
majority carrier is holes or electrons (p-type or n-type). 
 
3.1.4    Anode Fabrication and Coin Cell Assembly 
    NiO/rGO Anodes were fabricated by preparing inks containing 80% active 
material (NiO/rGO), 10% carbon black (CNERGY Super C65, Imerys), and 10% 
binder, polyvinylidene fluoride (PVDF, Kynar blend). NiO/Vulcan anodes were 
prepared from inks comprised of 90 wt% NiO + Vulcan carbon (10 %, 20%, 30 % 
and 40 % carbon) and 10% PVDF binder. The components were dispersed in N-
methylpyrrolidone (NMP, Acros, 99.5% Extra Dry) solvent and the final ink 
(typically 90mg of active material dispersed in 800 μl of solvent) was homogenized 
through repeated and successive 15 minutes sonication (4 times) and mechanical 
stirring overnight. A copper foil (Alfa Aesar, 99.999%) was mechanically 
roughened and cleaned with isopropanol (Fisher, Optima) before being used as the 
current collector. The active material ink was sprayed with an Iwata model sprayer 
onto the Cu foil to a uniform thickness. To form the final electrode, the sprayed foil 
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was heated under vacuum at 100°C for 24 hours, pressed at 1500 lbs, and then 
calendared with a 0.3 mm gap.  The resulting electrodes were massed to obtain the 
loading. For all electrodes fabricated in this study, the active loading was held 
between 0.5 and 1.5 mg/cm2. 
    Coin cells were constructed to investigate the electrochemical behavior of the 
NiO/rGO and NiO/Vulcan anodes in a half-cell configuration. The materials used 
were 2.0 cm diameter coin cells (Hohsen Corp.), lithium metal (Alfa Aesar, 99.9%) 
as the counter and pseudo reference electrode, and Celgard 2320 tri-layer PP/PE/PP 
as the separator. A 1M lithium hexafluorophosphate (LiPF6, Acros 98%) electrolyte 
was prepared from a 1:1:1 volumetric mixture of ethylene carbonate (EC, Acros 
99+%) : dimethyl carbonate (DMC, Acros 98+%) : diethyl carbonate (DEC, Acros 
99%). The separator was punched to a diameter of 1.9 cm while the anode was cut 
to 1.5 cm diameter disks. In an argon-purged glove box (Labconco), the lithium 
electrode was also punched to a 1.5 diameter disk. Afterwards, 15 µL of electrolyte 
was pipetted onto each side of the separator and the wetted separator was placed in 
between the anode and the cathode. Lastly, the gasket, spacer disc, spring and upper 
case were positioned on top of the cathode and all of the components were then 
crimped and sealed into the coin cell hardware before being safely removed from 
the Ar atmosphere-controlled glove box for electrochemical testing. 
 
3.1.5    Electrochemical Testing 
    Charge-discharge measurements were made chronopotentiometrically at various 
current rates with a voltage window of 0.001-3 V using an Arbin MSTAT battery 
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test system. The MSTAT system was also used to collect cyclic voltammograms 
(CVs) at a scan rate of 0.1 mV/s over the same voltage windows as the 
charge/discharge cycles. All potentials are reported vs. Li/Li+. Electrochemical 
Impedance Spectroscopy (EIS) was performed with a 5 mV voltage amplitude over 
the coin cell open circuit voltage between 50 mHz and 1 MHz using an Autolab 
PGSTAT302N Potentiostat (Eco Chemie).  All electrochemical experiments were 
performed at room temperature.   
 
3.2 Results and Discussion  
 
3.2.1    Morphological and Structural Characterization  
    Figure 3.6 (a) shows the typical XRD pattern for NiO/rGO (red line) and NaOH-
precipitated NiO (without the addition of Vulcan carbon). The five peaks located 
at 37, 43, 62, 76 and 79 degrees (2) are all characteristic of the nickel oxide face-
centered cubic (FCC) crystal structure [3] and correspond to the (111), (200), (220), 
(311) and (222) Miller planes, respectively. No secondary phases or evidence of 
synthesis contaminants were observed. The initial broad peak at 16 degrees in the 
NiO/rGO pattern is ascribed to the rGO, whose peak position is shifted towards a 
lower 2θ degrees than would be expected for fully reduced rGO, suggesting that a 
small percentage of the graphene material remained oxidized post-synthesis [4]. 
The average crystallite domain sizes calculated by means of the Sherrer’s equation 
was 25.3 nanometers for the NiO material and 11.1 nanometers for the NiO/rGO 
material, respectively (Table 3.1).  
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Figure 3.6: Structure and chemistry for the NiO active materials.  (a) XRD patterns 
for NiO/rGO (red line) and NaOH-precipitated NiO (black line); (b) XPS general 
survey spectrum for the NiO/rGO (10%); (c) XPS high resolution spectrum for Ni 
2P for NiO/rGO (10%). 
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Table 3.1: Domain Size obtained from the (200) peak in the XRD pattern for NiO 
and NiO/rGO active materials. 
 
    Figure 3.6 (b) shows the XPS general survey for NiO/rGO. The identity for each 
peak is labeled in Figure 3.6 (b), and the result suggests that no sample 
contamination emanated from the synthesis, supporting the XRD results. The rGO 
wt. % content for this sample was confirmed by TGA analysis (Figure 3.7). The 
plot shows an initial mass loss of about 6% until the temperature remains below 
400°C due to moisture contained in the sample and water bonded to the sample 
surface. When the temperature increases above 400°C, the rGO in the sample starts 
to be oxidized/burned, shown by a sharp decay in mass. The final mass loss 
confirmed that the amount of rGO in the NiO/rGO anode material was 
approximately 10%. The high resolution scan for the Ni 2p region of the spectra, 
showing the characteristic 2p½ and 2p3/2 peaks is shown in Figure 3.6 (c). The 
doublet peak shape, each one with a single satellite, and the 18.4 eV displacement 
among the two peaks (due to the difference in electron spin) are both characteristic 
of the spin–orbital levels of NiO [5]. This confirms that the annealing process 
employed here under argon atmosphere fully converted the nickel hydroxide  
 Peak Position   
(2θdegrees) 
Full Width Half 
Maximum (rad) 
Domain Size (nm) 
Sherrer Eqn 
NiO 43.21 0.0058 25.71 
NiO/rGO 43.19 0.0139 10.72 
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Figure 3.7: Thermo-Gravimetric Analysis (TGA) of the NiO 10 wt. % rGO 
material. 
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formed in solution to nickel oxide via condensation without triggering reduction to 
metallic nickel (coupled with oxidation to higher valence Ni states, which can occur 
in other “inert” atmospheres like nitrogen [6]). The Ni 2p region for NaOH-
precipitated NiO was reported in a previous publication [7] and the results of that 
XPS experiment confirms that NiO was the only species obtained by that synthesis 
method as well.  
    Figures 3.8 (a) and 3.8 (b) show SEM images of the NaOH-precipitated NiO 
before physical mixing with Vulcan carbon at different levels of magnification. 
Figure 3.8 (a) confirmed that the NiO synthesis produced homogeneous, spherical 
shaped nanoparticles as already shown in chapter 2, confirming the repeatability of 
the synthesis method. Figure 3.8 (b) presents a higher magnification image which 
allowed the quantification of the average diameter of the nanoparticles, being ca. 
30 nm, very similar to what assessed by XRD. A similar shape was found for the 
NiO/rGO, as shown in 3.9 (a), for material sprayed onto a TEM copper grid – 
though the particle size was generally smaller (5-10 nm diameter, again in good 
agreement with the application of the Scherrer equation to the XRD results). There 
was a regular, homogeneous distribution of NiO on the rGO (Figures 3.9 (b-d)).  
To show how the NiO and rGO were structured, Figure 3.8 (c) presents a high 
magnification TEM image of a single characteristic active material cluster 
supported on rGO, which was obtained by spraying a 90% NiO/rGO (10% rGO), 
10 % PVDF ink onto a copper TEM grid.  The cluster was spheroidal in shape and 
approximately 10 nm in diameter. The cluster appears to be formed by at least 3 
smaller particles of 5 nanometers diameter each. Moreover, the cluster appears to  
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Figure 3.8: Microscopy of the NiO anode materials.  a)  SEM image of the NaOH-
precipitated NiO spherical nanoparticles prior to mixing with Vulcan carbon (b) 
Higher resolution SEM image showing the size distribution of the NaOH-
precipitated NiO spherical nanoparticles (c) Image at the lattice parameter of a 
single NiO nanoparticle cluster (d) STEM high resolution image of two NiO 
nanoparticle clusters supported by rGO (10 wt% rGO) (e) STEM species 
quantification associated to Figure 2d for (e) nickel, (f) oxygen, (g) carbon and (h) 
fluorine. 
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Figure 3.9: Structure and chemistry for the NiO active materials.  (a) XRD patterns 
for NiO/rGO (red line) and NaOH-precipitated NiO (black line); (b) XPS general 
survey spectrum for the NiO/rGO (10%); (c) XPS high resolution spectrum for Ni 
2P for NiO/rGO (10%). 
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be well anchored to the rGO matrix. To confirm that the aggregates are only 
composed exclusively of nickel oxide, STEM dark field imaging (Figure 3.8 (d)) 
and EDS mapping (Figures 3.8 (e-h)) were used.  Figures 3.8 (e) and 3.8 (f) show 
perfect matching between the nickel and oxygen signals from the area imaged on 
Figure 3.8 (d), confirming the clusters are made of nickel oxide. Figure 3.8 (g) 
confirms that minimal, if any, carbon was present inside the clusters. In short, this  
sequence of images confirms the anchoring of the NiO within the the rGO matrix.  
Furthermore, the images show that the majority of the carbon signal in the electrode 
was derived from rGO, and not to the PVDF binder, since the fluorine signal 
(Figure 3.8 (h)) was weak in the imaged area. Lastly, it is important to notice that 
the image was taken looking at one edge of the sample in order to avoid particle 
overlapping and it does not reliably represent the elemental composition of the bulk 
of the active material, particularly the rGO quantity is grossly over-represented in 
this image. 
 
3.2.2    Link Between Electronic Conductivity and Conversion Reaction Reversibility 
    Measurements of the electronic resistivity and carrier concentration were carried 
out for all of the NiO/rGO and NiO/Vulcan materials and the results are shown in 
Figure 3.10. For both rGO-containing and Vulcan-containing materials, there is a 
gap of at least four orders of magnitude between the raw NiO and the carbon-
containing composite (Figure 3.10 (a)). In fact, it was observed that even the 
addition of a small amount of carbon additives can dramatically improve the inter-
particle electronic conductivity. Moreover, relationship between carbon content  
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Figure 3.10: (a) Van Der Pauw conductivity measurements as a function of carbon 
content for both NiO Vulcan carbon (black line) and NiO/rGO materials (red line) 
(b) Carrier concentration from Hall measurements as a function of carbon content 
for both NiO Vulcan carbon (black line) and NiO/rGO materials (red line). 
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and conductivity is logarithmic, where further inclusion of carbon additives leads 
to a smaller, but relevant increase in the electronic conductivity. However, the two 
carbons do not have identical impacts. The inclusion of rGO results in a much more 
rapid increase in the electronic conductivity than Vulcan. Only 5% rGO leads to 
approximately the same electronic conductivity as 40 wt% Vulcan and 10% rGO is 
able to achieve an electronic conductivity that (based on the trend observed in 
Figure 3.10 (a)) appears not to be possible, let alone practical, using Vulcan.  The 
ability for rGO to impart such high conductivity can be tied to the unique electronic 
properties that characterize the reduced graphene oxide sheets [8].  
    Figure 3.10 (b) plots the carrier concentration as a function of carbon content, 
and was derived from Hall measurements. First, the negative sign in the carrier 
concentration identifies electrons as the primary carrier of electric charge for both 
sets of active materials, as expected. The general trend again shows a logarithmic 
relationship, confirming that the carrier concentration quantity increases with 
carbon content as expected. However, at similar conductivity values, (5% rGO and 
40% Vulcan), rGO has a much lower charge carrier concentration (1.52*1024 vs.  
9.25*1024), meaning that the rGO carbon matrix allows for much more efficient use 
of the charge carriers and provides higher intrinsic electron mobility.    
    Now that the inter-particle conductivity in the electrodes has been manipulated 
and quantified, its influence on the reaction reversibility can be elucidated. Figure 
3.11 (a) presents plots of the capacity retention as a function of the number of 
charge/discharge cycles for NiO/Vulcan over 100 cycles, restated from chapter 2 
for comparison purposes. At the beginning of the test after SEI formation (cycle  
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Figure 3.11: (a) Capacity Retention of the NiO material mixed with 0% (black), 
10% (green), 20% (blue) 30% (brown) and 40% (red) Vulcan carbon at a 1C rate 
over 100 cycles. (b) Capacity Retention of the NiO material impregnated on 2.5% 
(green), 5% (blu), 10% (red) and 40% Vulcan carbon (black) at a 1C rate over 100 
cycles (c) Log-log plot of electronic conductivity Vs stable capacity retention 
values for each NiO active material. 
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3), the cells start at a high capacity value close the theoretical one, being 550, 620, 
635, 700 and 850 mAh/g for the 0, 10, 20, 30 and 40 % NiO/Vulcan material 
respectively. However, at the end of cycling, materials with 20%, 30% and 40% 
weight NiO/Vulcan maintained a capacity of 133 mAh/g, 222 mAh/g and 435 
mAh/g at cycle 100 and a much better cycling stability when compared to the pure 
NiO material, which experienced a dramatic capacity fade, reaching almost zero 
measurable capacity after the twentieth cycle. Addition of 10% Vulcan was found  
to slightly improve the reaction reversibility, although the capacity still faded to 0 
after ca. 60 cycles. Therefore, a clear trend was observed; as the amount of carbon 
in the anode was increased (along with the conductivity), the capacity retention – 
and hence the reaction reversibility – also increased. 
    Figure 3.11 (b) shows the capacity retention for the NiO/rGO anodes over 100 
cycles at 1C rate with 2.5% 5% and 10% rGO in the electrode. Just like the 
NiO/Vulcan experiments, as the rGO content was increased in the active material, 
both the achievable capacity and reversibility increased dramatically, with 10% 
rGO maintaining 786 mAh/g capacity even after 100 cycles, among the best 
reported performance ever reported for a NiO anode to date.  Moreover, it is 
noteworthy that the 5% rGO and 40% Vulcan NiO materials showed very similar 
cycling behavior – mirroring their very similar electronic conductivity (2.01 and 
2.13 Ω-1cm-1, respectively). This suggests that there might be an intrinsic, strong 
correlation between electronic conductivity and electrochemical performance in 
metal oxide anodes for Li ion batteries. Evidence for this strong correlation is 
presented in Figure 3.11 (c), where the conductivity and stable achievable capacity 
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are plotted, showing a clear log10-log10 relationship – until the conductivity of the 
carbon material itself is approached. Knowing the relationship between the 
conductivity and stable capacity is important because it can allow researchers and 
battery manufacturers to determine the optimum amount of carbon to add to their 
electrodes given application requirements. It also helps to set boundaries on what 
can be practically achieved as well as help to determine the efficacy of untested 
carbons in achieving the same behavior.  
    Additionally, this work shows that advanced, non-dilutive (namely that they also 
allow intercalation of Li ions) carbon materials like rGO are promising because, 
despite its relatively high cost compared to graphite, it allows a for high capacity 
retention at low loading, enhancing the volumetric and specific energy density, 
which is important for advanced EVs. The proof that rGO is a non-dilutive form of 
carbon can be found in the low rate charge/discharge curves of Figure 3.12. During 
the charge, one major plateau can be seen, starting at 1.25 V, which is typical of the 
NiO conversion reaction (Eq. 2.1). During the discharge, two plateaus can be 
observed, one at around 1.5 V and one at 2.2 V, responsible for the reconversion of 
metallic nickel and Li2O to NiO. It is important to notice that the NiO/rGO material 
still exhibits a significant portion of the total capacity (ca. 500 mAh/g) when the 
voltage is below 0.5 V. This is due to the fact that rGO is a non-dilutive source of 
carbon, which allows Li ion intercalation and thus contributes to the total capacity 
of the anode.  
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Figure 3.12: Charge/discharge curves at cycle 3 and at a current rate of C/5 for 
bare NiO (a) and NiO/rGO (b). 
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3.2.3    Electrochemical Kinetics and Rate Capability 
    In order to understand the influence of increasing the electronic conductivity on 
the reaction kinetics, charge/discharge experiments were carried out at 5 different 
current rates (C/5, C/2, 1C, 2C and 5C), and the results are shown in Figure 3.13 
(a). The results show a similar trend to the capacity retention data, where an 
increasing electronic conductivity was directly translated into an enhancement in 
the observed reversible charge at each rate. Impressively, the 10% rGO material 
was able to retain excellent capacity at very high rate, ca. 600 mAh/g at 5C.  
    To further determine whether the addition of carbon has any influence over the 
reaction pathway, the data in Figure 3.13 (a) was analyzed to yield the kinetic 
overpotentials for the charge (reduction) and discharge (oxidation) at every C rate 
and carbon inclusion amount. Kinetic overpotentials have been evaluated from the 
charge-discharge curves, as the mid-point between the cutoff voltage of the 
previous redox cycle and the first data point of the following redox cycle. More 
specifically, for reduction the overpotential was evaluated as the midpoint between 
the oxidation cutoff voltage of 3V and the first data point during the reduction 
process; for oxidation the overpotential was evaluated as the midpoint between the 
reduction cutoff voltage of 0V and the first data point during the reduction process. 
A visual example of this calculation methodology is shown in Figure 3.14 and the 
whole set of calculated overpotentials is reported in Table 3.2. 
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Figure 3.13: (a) Rate capability of the NiO material impregnated on 2.5% (green), 
5% (blu), 10% (red) reduced graphene oxide and 40% Vulcan carbon (black). (b) 
EIS spectrum of NiO mixed with 40% Vulcan carbon after 3 charge/discharge 
cycles (black line) and after 100 cycles (red line) (c) EIS spectrum of NiO 
impregnated onto 5% rGO after 3 charge/discharge cycles (black line) and after 100 
cycles (red line). 
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Table 3.2: Kinetics overpotentials in V at different C rates (C/5, C/2, 1C, 2C, 5C) 
for both reduction and oxidation processes for raw NiO and NiO/rGO materials. 
 
    As expected, the overpotentials are larger at higher rates for the whole set of 
active materials, due to the higher current to which the cells are exposed. Among 
the NiO materials, there was a very clear trend: the higher the electronic 
conductivity, the lower the reaction overpotential. Also, rGO-containing anodes 
were the best-performing with the lowest overpotentials, with a clear distinction 
from Vulcan at high rates (2C, 5C), which resulted in the cells being able to operate 
over a larger effective voltage window (because of lower iR loss) and thus were 
able to achieve a higher capacity.  
    Knowing the overpotentials for all of the active materials as a function of current, 
a Tafel slope analysis was carried out for both the reduction (lithiation) and 
oxidation (de-lithiation) reactions in order to identify the Rate Limiting Step (RDS) 
in the NiO electrochemical conversion reaction (Equation 2.1) and to investigate if 
             Rate 
 
Sample 
C/5 C/2 1C 2C 5C 
Charge 
Over. 
Dch.  
Over. 
Charge 
Over. 
Dch. 
Over. 
Charge 
Over. 
Dch. 
Over. 
Charge 
Over. 
Dch. 
Over. 
Charge 
Over. 
Dch. 
Over. 
NiO 0.011 
 
0.007 
 
0.027 
 
0.020 
 
0.068 
 
0.028 
 
0.111 
 
0.049 
 
0.152 
 
0.072 
 
NiO/2.5% rGO 0.009 
 
0.005 
 
0.017 
 
0.005 
 
0.031 
 
0.015 
 
0.098 
 
0.028 
 
0.131 
 
0.064 
 
NiO/5% rGO 0.006 
 
0.005 
 
0.013 
 
0.005 
 
0.028 
 
0.012 
 
0.058 
 
0.028 
 
0.122 
 
0.058 
 
NiO/10% rGO 0.004 
 
0.005 
 
0.005 
 
0.005 
 
0.021 
 
0.011 
 
0.053 
 
0.025 
 
0.115 
 
0.055 
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Figure 3.14: Visual evaluation of kinetic overpotentials from charge/discharge 
curves for a general metal oxide material. 
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 the addition of a carbon matrix modifies the reaction pathway, following Equation  
                                                                                                                                                                                                                                                                             
here η is the overpotential at a specific current density i and b is the Tafel slope, 
which is defined as:  
     eff
F
RT
b


303.2
                                                                      
where F=96485.3 Cmol-1 is Faraday constant, R=8.314 J mol-1 K-1 is the ideal gas 
constant, T=298 K is the temperature, and αeff is the effective transfer coefficient. 
Figure 3.15 shows an example of the evaluation of the Tafel slope for both forward 
and reverse scans for pure NiO. One assumption was made, that is the first data 
point at C/5 was neglected because the overpotential was too small (~10 mV or 
lower) to justify its use given the inherent assumptions in the Tafel equation 
derivation [9]. At the heart of understanding the RDS is the effective transfer 
coefficient, αeff, which was independently evaluated for the oxidation and reduction.  
The effective transfer coefficients determined for the NiO conversion reaction with 
various levels of carbon inclusion, and hence conductivity, are shown in Table 3.3. 
 
 
(3.7)                                                                                                                                         
iba log (3.6)                                                                                                                                         
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Figure 3.15: Tafel slope for pure NiO during lithiaton (black line) and delithiation 
(red line). Applying Equation 3.7 the calculated value of αeff for the oxidation and 
reduction reactions were equal to 1.10 and 0.47, respectively. 
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Table 3.3: αeff values calculated from the Tafel slope analysis (Equation 3.7) for 
NiO during lithiaton (reduction) and delithiation (oxidation) processes. 
 
    First, the αeff values were very consistent with the carbon inclusion amount, 
suggesting that the addition of the reduced graphene oxide matrix did not affect the 
intrinsic mechanism or reaction pathway of the NiO conversion reaction (Equation 
2.1). αeff was calculated to be ≈ 0.5 for the reduction (charge) reaction, and ≈ 1 for 
the oxidation (discharge) reaction. When αeff ≈ 0.5 (Tafel slope ≈ 120 mV/decade; 
ρ=1 and γ=0 in Equation S3), the RDS is an electrochemical step, and more 
specifically, the first electron transfer.  When αeff  ≈ 1 (Tafel Slope ≈ 60 mV/decade; 
ρ=0 and  ν = γ =1 in Equation S3), the rate determining step is a chemical step 
following one electron transfer.  A possible mechanism for the NiO conversion 
reaction is given in Equations 3.8-3.11: 
 α reduction α oxidation 
NiO 0.47 1.1 
NiO/2.5% rGO 0.48 1.0 
NiO/5% rGO 0.54 1.11 
NiO/10% rGO 0.53 1.21 
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    In this mechanism, the rate-determining step during the charge (reduction) would 
be Equation 3.8.  In truth, there is not enough information to assert whether the rate-
limiting step during the discharge (oxidation) is Equation 3.10 or 3.11, but it seems 
likely that the Li2O dissociation (Equation 3.10) would be more cumbersome.  
There are at least two ways to rationally explain the directionality-dependence of 
the rate-determining step. The first argument is a thermodynamic one, and is 
qualitatively depicted in Figure 3.16. The oxidation of nickel is downhill 
energetically, as is known from its standard redox potential.  However, given the 
proposed reaction mechanism, it can be expected that that the formation of NiOLi 
is slightly uphill energetically, and the chemical formation of Li2O from Li
+ and 
LiO- is very favorable – with a low barrier.  Hence, during the forward reaction, the 
barrier for Equation 2 is the highest, where Equation 4 has the highest barrier during 
the reverse reaction.       
    The second possible argument is based on the material structure at the extremes 
of the charge and discharge.  At the beginning of the charge process (where the 
Tafel data can be extracted), large NiO domains exist and surface layer that is 
exposed to the electrolyte is reacting.  At the beginning of the discharge (again, 
where the Tafel data can be extracted), the anode structure is very different where  
NieNi
OLiLiOLi
LiONiNiOLi
NiOLieLiNiO








2
(3.8)                                                                                                                                         
(3.9)                                                                                                                                         
(3.10)                                                                                                                                         
(3.11)                                                                                                                                         
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Figure 3.16: Qualitative thermodynamic diagram displacing the activation energy 
barriers for the reduction forward pathway and the oxidation backward pathway 
descripted in the reaction scheme (Equation 3.8-3.11). During the reduction, the 
highest activation barrier to achieve is Eaf1, which corresponds to the activation 
barrier of the first electrochemical step, Equation 3.8. Eaf2 corresponds to the 
chemical step involving the cleavage of the Ni-O bond (Equation 3.9) and Eaf3 
corresponds to the total activation barrier for Equation 3.10 and 3.11 which are 
supposed to occur contemporarily. Conversely, in the oxidation process, Eab3 
represents just the first step, the oxidation of metallic Ni to Ni+, which has a low 
activation barrier (Equation 3.11). Eab2, which is identified as the rate limiting step 
of the oxidation process, includes both chemical steps that are chained to each other, 
namely the difficult cleavage of the Li-O bond and the reformation of the Ni-O-Li 
complex (Equation 3.9 and 3.10). Lastly, Eab1 corresponds to the second electron 
transfer step and the final solid state reconversion to NiO (Equation 3.8). 
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the reaction is not occurring at one surface, but at the interface between two 
domains: Ni and Li2O (Figure 3.17). This limited interaction between the reactants, 
as well as the fact that Li2O a stable molecule in this reacting environment, as has 
been observed in much of the Li-air battery work that has been done in recent years, 
[10-12] can act in concert to yield a significant activation barrier for its dissociation.  
In either case, the dissociation of Li2O during the oxidative discharge appears to 
play a key role in its behavior.   
    One interesting phenomena is that despite the fact that 5% rGO and 40% Vulcan 
carbon show similar behavior at low rates, at higher rates they differentiate, with 
the 40% Vulcan carbon material experiencing a larger fade at 1C when compared 
to 5% rGO, which is most likely due to the increased stress that the extended rGO 
network can better withstand thanks to its high elastic modulus and breaking 
strength (1.0 terapascals and 42 N/m, 100 times more resistant than steel [13]). 
Lastly, generally the capacity values of the NiO/rGO materials are higher in Figure 
3.13 (a) than in the capacity retention plot in Figure 3.12 (b). This behavior has 
already been reported and it is ascribed to the fact that cycling the cells first at lower 
rates, especially for rGO materials, allows the formation of a more uniform SEI 
layer which improves rate capability [14].      
    For further insight into the impact of the electronic conductivity on the 
electrochemical kinetics of the NiO conversion, electrochemical impedance 
spectroscopy (EIS) was carried out for the whole set of active materials, with a 
special focus on the 5% rGO and 40% Vulcan carbon (Figure 3.13 (b) and 3.13 (c), 
Figure 3.18 (a) and (b)). The results were deconvoluted using the equivalent  
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Figure 3.17: Proposed mechanism for NiO solid-state conversion reaction. 
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Figure 3.18: (a) EIS spectrum of NiO impregnated on 2.5% rGO after 3 charge/discharge 
cycles (black line) and after 100 cycles (red line) (b) EIS spectrum of NiO impregnated on 
10% rGO after 3 charge/discharge cycles (black line) and after 100 cycles (red line). 
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electrical circuit shown in Figure 3.19, where four sets of elements were used to 
account for the total resistance of the half cell. R1 is the inner resistance of the 
electrolyte solution. R2 and C2 are the resistance and capacitance for Li ion 
diffusion at the separator/electrode interface caused by SEI formation.  R3 and C3 
account for the conversion charge transfer resistance and double layer capacitance. 
Lastly, W corresponds to the Warburg element which accounts for the diffusion of 
the Li ions into the electrode. For all plots, the first semi-circle at high frequency 
(low Z’) is ascribed to electrolyte resistance (R1). The second semi-circle at low 
frequency (high Z’) is directly correlated with the SEI resistance and the charge 
transfer resistance (R2+R3). The resistances for the 40% Vulcan and 5% rGO 
anodes are presented in Table 3.4 and the results for 2.5% rGO and 10% rGO are 
presented in Table 3.5. 
 
  
  
  
  
  
 
Table 3.4: EIS parameters for NiO impregnated on 5% reduced graphene oxide 
and 40% Vulcan carbon, based on the equivalent electrical circuit of Figure 3.19. 
 
 
 
  40% Vulc 3x 40% Vulc 100x 5rGO 3x 5rGO 100x 
R1(Ω) 1.9536 14 10.869 8 
R2(Ω) 8.9568 18.2057 5.3224 19.108 
C2(F) 3.88E-06 1.72E-06 4.03E-06 1.99E-06 
R3(Ω) 14.3212 62.3214 10.7454 68.0124 
C3(F) 1.75E-05 4.72E-06 1.99E-05 5.13E-06 
W(w) 0.006547 0.003212 0.004974 0.0040148 
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Figure 3.19: Equivalent electrical circuit used to deconvolute EIS data. 
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Table 3.5: EIS parameters evaluation for NiO impregnated on 2.5% and 10% 
reduced graphene oxide, based on the equivalent electrical circuit of Figure 3.19. 
 
    All R1s after 3 cycles present a resistance value below 20 Ω. After 100 cycles, 
the R1 values still remained below 20 Ω for all the materials, suggesting that the 
electrolyte resistance does not change significantly with cycling, as expected. R2 is 
slightly higher than R1 after 3 cycles and follows the reverse trend of electronic 
conductivity; for instance, 2.5 % rGO shows a higher R2 value (13.6 Ω) than 10 % 
rGO (1.3 Ω).  After 100 cycles, a small increase was observed for all materials, 
which symbolizes an increase in the SEI resistance. That is most likely due to the 
fact that there is a partial electrochemical decomposition of the SEI – which can be 
seen from the anodic peak at 1.3V in the cyclic voltammogram (Figure 3.20) [15] 
– that has to be reformed during the following cycle, leading to an increase in 
thickness, and hence, resistance. The most significant discrepancy among all 
materials is seen for R3, the charge transfer resistance. All materials showed 
compared R3 values after 3 cycles, with the exception of 10% rGO which was very 
low, only 3.8 Ω. After 100 cycles, there are multiple information to be processed. 
10% rGO active material showed the lowest charge transfer resistance, only 14 Ω  
  2.5rGO 3x 2.5rGO 100x 10rGO 3x 10rGO 100x 
R1(Ω) 19.315 12 3.4701 5.5 
R2(Ω) 13.616 20 1.3354 12 
C2(F) 3.56E-06 1.80E-06 4.12E-06 1.09E-06 
R3(Ω) 20.453 75 3.8001 14 
C3(F) 1.82E-05 3.98E-06 1.42E-05 3.51E-05 
W(w) 0.0038468 0.0011275 0.0079169 0.009298 
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Figure 3.20: Cyclic Voltammograms of the NiO/rGO composites between 0.01 and 
3V vs. Li+/Li at a scan rate of 0.1 mV/s. The first, deep cathodic peak recorded 
during the first cycle at 0.4 V is ascribed to the formation of the SEI layer, 
conversion of NiO to metallic nickel and partial intercalation of Li ions onto the 
reduced graphene oxide matrix. Conversely, in the anodic scan, two clear peaks are 
detected at 1.3 V and 2.2 V. The former is due to partial decomposition of the SEI 
and re-conversion of the Li2O phase and the latter is due to re-conversion of 
metallic nickel back to NiO, as also confirmed by charge/discharge curves in Figure 
3.12. In the following cycles, two cathodic peaks are constantly detected, at 0.01 V 
and 0.9 V, which corresponds to li ions intercalation in the graphene matrix and 
NiO conversion respectively. The anodic peaks are consistent through the whole 
test, not changing shape or size. 
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after 100 cycles, which was expected since this material showed the higher capacity 
retention and electronic conductivity. Moreover, 5% rGO active material and 40 % 
Vulcan carbon retains very similar values (68.4 Ω and 62.3 Ω, respectively). This 
suggests a very strong link between internal resistances of the cell and electronic 
conductivity of the anode material, which translates then in similar electrochemical 
performance, being the capacity retention analyses of the two materials almost 
identical.  
    A schematic to explain this strong correlation is proposed in Figure 3.21. The 
electrons, during the charge, have to travel from the external circuit to the copper 
current collector and then through the active material in order to reach the active 
sites on the anode surface, where the conversion reaction (Equation 2.1) between 
NiO nanoparticles and Li ions takes place. In the absence of the highly conducting 
rGO (Figure 3.19 (a)), the electrons have to travel primarily through the NiO active 
material and the secondary Ni+Li2O phases to the surface active sites. This process 
is not favorable since NiO is a semiconductor, which makes the insertion of an 
electron in higher energy molecular orbitals quite difficult. Hence, in the search for 
the lowest energy pathway, electrons tend to take a tortuous, and fairly resistive, 
path through the electrode.  Conversely, if the NiO nanoparticles are imbedded or 
mixed with a highly conductive carbon matrix (Figure 3.21 (b)), significantly 
improved electronic mobility to/from the metal oxide particles is possible. This 
lower resistance pathway means that more of the electrode bulk is accessible, thus 
reducing the charge transfer resistance at a given rate. The improved distribution of 
current also allows for improved reaction reversibility, and longer cycle life.  
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Figure 3.21: Schematic of the electron transfer from copper current collector to 
reaction active site in the anode for (a) NiO nanoparticles without carbon (b) NiO 
nanoparticles with carbon. 
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3.2.4    Charge/Discharge Stability 
    Lastly, the electrochemical stability and reaction reversibility over a larger 
number of cycles was evaluated for the highest electronically conductive material, 
10% NiO/rGO, and is reported in Figure 3.22 (a).  Through 100 cycles, the capacity 
maintains a stable value of 740 mAh/g and a very high coulombic efficiency 
(>99%). In the following 150 cycles, the capacity gradually increases up to a value 
of 925 mAh/g due to the exfoliation of the graphene nanosheets upon cycling, 
which has been widely described in the literature [16,17].  Evidence for graphene 
exfoliation is presented in Figure 3.23, which shows identical location TEM images 
before and after cycling. Even after only one charge/discharge cycle, it was possible 
to observe a large change in the morphology of the investigated area. The entire 
observable section of the TEM grid showed new areas covered by the exfoliation 
of graphene and SEI formation. This process happens slowly each cycle until the 
exfoliation is manifest as a significant change in the achievable capacity of the 
battery.  
    In addition, Figure 3.24 shows the same area as Figure 3.9 after 1 
charge/discharge cycle for 10% NiO/rGO, showing that the overall shape and 
distribution of the particles were maintained, though some particle growth did 
occur. This is confirmed by Figure 3.25, which shows high magnification images 
before and after cycling at the lattice parameter level, displaying an increase in 
diameter size from 5 to 10 nm for the NiO nanoparticles. Also, Figure 3.22 (b) 
shows the EIS spectrum for NiO/rGO before and after 250 cycles of operation, and 
a more finely grained collection of spectra are provided in Figure 3.26. The shape  
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Figure 3.22: (a) Long-term capacity retention for lithiation (black line), delithiation 
(red line) and coulombic efficiency (green line) of NiO impregnated on 10% rGO 
material at 1C. (b) EIS spectrum of NiO impregnated onto 10% rGO after 3 (black 
line), 100 (red line) and 250 (green line) charge/discharge cycles. 
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Figure 3.23: Low magnification IL-TEM image of “C-3” grid area (a) before 
cycling and (b) after 1 charge/discharge cycle and higher magnification TEM 
images of circled red area (c) before cycling and (d) after 1 charge/discharge cycle. 
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Figure 3.24: a) TEM/STEM image of the NiO impregnated on 10% rGO 
nanoparticles after 1 charge/discharge cycles on the same area of Figure 3.9, with 
corresponding mapping for b) carbon signal, (c) nickel signal and d) oxygen signal. 
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Figure 3.25: Series of high resolution IL-TEM images of NiO spherical particles 
(a) before cycling (top row) and (b) after 1 charge/discharge cycle (bottom row). 
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of the Nyquist plot remained unchanged, confirming that no additional resistances 
merge within the battery with extensive cycling.  Additionally, the W slope was 
unchanged, suggesting that the Li ion diffusion mechanism into the active material 
did not change with cycling. The most significant change in the behavior was the 
increase in the charge transfer resistance, R3 (39.5 Ω at cycle 250, Table 3.6), 
although it should be noted that this value was still lower than any other tested 
configuration after 100 cycles. 
 
 
 
 
 
Table 3.6: EIS parameters for NiO impregnated on 10% reduced graphene oxide 
after 3, 100, and 250 cycles, based on the equivalent electrical circuit of Figure 
3.19. 
  10rGO 3x 10rGO 100x 10rGO 250x 
R1(Ω) 3.4701 5.5 9.757 
R2(Ω) 1.3354 12 19 
C2(F) 4.12E-06 1.09E-06 9.88E-07 
R3(Ω) 3.8001 14 39.5 
C3(F) 1.42E-05 3.51E-05 1.19E-05 
W(w) 0.0079169 0.009298 0.0033885 
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Figure 3.26: EIS spectrum for NiO supported on 10 wt% rGO material.  The 
spectra were acquired after 3 cycles (to ensure that the SEI was fully formed), 25 
cycles, and then every 25 cycles until cycle 250. 
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3.3  Conclusion  
In this Chapter, representative NiO/rGO and NiO/Vulcan families were used to 
understand the influence of inter-particle electronic conductivity on the broader 
family of metal oxide/carbon anodes for lithium ion batteries.  Three important 
things were discovered. First, a linear correlation between the electronic 
conductivity and the achievable MO capacity was found – valid over five orders of 
magnitude with respect to the conductivity.  Second, it was shown that the addition 
of carbon does not influence the reaction mechanism, but instead acts to increase 
the amount of accessible active material, significantly reducing the charge transfer 
resistance.  Third, high conductivity directly translates into enhanced materials 
stability and long-term reaction reversibility. Nonetheless, there are specific cases 
among the metal oxide materials where it was proven that enhancing the inter-
particle electronic conductivity is not a sufficient strategy to improve the 
conversion reaction reversibility. One clear example is represented by the 
manganese oxide family, specifically by MnO, which will be investigated in 
Chapter 4 in this thesis.  
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CHAPTER 4: COBALT INCLUSION AS A NOVEL STRATEGY TO ENHANCE 
INTRA-PARTICLE ELECTRONIC CONDUCTIVITY, IMPROVE REACTION 
REVERSIBILITY AND UNDERSTAND THE MECHANISM OF SOLID-STATE 
CONVERSION OF MnO/CNT ANODES IN LI ION BATTERIES  
    Synthesizing metal oxide/carbon composites may be one of the best strategies, 
as proved in Chapter 3, to achieve stable electrochemical conversion in some metal 
oxide anodes through enhancing inter-particle conductivity. However, this is not a 
sufficient approach for some specific chemistries. As an outstanding example, MnO 
was chosen because of its very poor intrinsic electronic conductivity (10-8 cm-1Ω-1, 
one of the lowest among all metal oxides), which makes it practically an insulator. 
Even with the addition of 10 % CNTs (Figure 4.1), the capacity is very low (far 
from the theoretical one, 755 mAh/g) and fades over time, witnessing a still low 
electronic conductivity and consequently low reaction reversibility. Therefore, in 
this case it is not only necessary to increase the inter-particle electronic conductivity 
but also the intra-particle one. Therefore, a more advanced strategy to increase the 
reaction reversibility of MnO, and other metal oxides in general is needed, and one 
advanced option relies in co-doping the active material in order to manipulate its 
intra-particle electronic conductivity.  
    The first example of transition metal doping in Li ion battery anodes have been 
reported by Zhu et al. [1], which used 13% GeO2 to dope a SnO2/graphene 
impregnated active material, favoring the electrochemical performance by 500 
mAh/g, at a current rate of 100 mA/g. However, in this specific example the authors 
have not considered the effect of the electronic conductivity, but just chose a second  
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Figure 4.1: Capacity retention data over 300 cycles for a MnO with 10 wt. % 
carbon nanotubes active material, experiencing poor capacity and stability during 
cycling. 
 
 
 
 
 
 
 
 
0 50 100 150 200 250 300
0
200
400
600
800
1000
 
 
 MnO/ 10% CNT
C
a
p
a
c
it
y
(m
A
h
/g
)
Cycle Number
 152 
 
transition metal redox active with a very high theoretical capacity, being the doped 
material one of 1200 mAh/g compared to the 702 mAh/g of the raw SnO2/graphene 
electrode. Our group has also recently utilized a similar strategy where indium was 
incorporated into a SnO2/graphene composite active material, which it was proven 
to reduce the charge transfer resistance during cycling, prolonging life.  It was also 
hypothesized that the increased conductivity allows the tin oxide conversion and 
alloying reactions to both be reversible, leading to very high capacity near 1200 
mAh/g [2].  
    In the case of manganese, one element with proven electrochemical synergy with 
Mn is Co. A relevant example has recently been reported for pseudo-capacitors 
[3,4], where Co can stabilize the redox behavior of manganese oxide, inhibiting 
anodic dissolution and improving stability over many cycles. Also, the electronic 
conductivity of Co-derived oxide species is higher than Mn-based oxides. Adding 
just 10 atomic % Co to MnO increases its intrinsic conductivity by more than an 
order of magnitude, as confirmed by Van Der Pauw measurements (Table 4.1).  
    Thus, in the present chapter, MnO/CNT active materials with five different 
levels of cobalt incorporation (0%, 5%, 10%, 15% and 20% atomic) were 
synthesized by a simple reflux methodology. The samples were characterized by 
XRD, XPS and TEM/STEM, showing how Co inclusion impacts the material 
nanostructure and surface composition. Moreover, the synergistic effect between 
Co and Mn enables excellent reaction reversibility over 300 charge/discharge 
cycles, particularly for Mn0.9Co0.1O, as proven by capacity retention and rate 
capability tests. Lastly, the solid-state conversion mechanism for MnO was 
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investigated in depth, by first understanding the rate limiting step of the conversion 
reaction and then showing multiple pathways that lead to the formation of higher 
oxidation state Mn species (Mn3O4), by means of kinetic studies and Tafel slope 
analyses. The formation of higher oxidation state Mn, along with improvement in 
the electronic conductivity, significantly modifies the electrochemical behavior of 
these anodic materials as proven by XPS and cyclic voltammetry. The work 
presented in this chapter was published in Electrochimica Acta [5], 
Nanotechnology [6] and Journal of Physical Chemistry C [7].  
 
 
 
Table 4.1: Electronic conductivity of raw MnO and Mn0.9Co0.1O obtained by the 
Van Der Pauw method. 
 
4.1  Experimental 
 
4.1.1    Material Synthesis Techniques  
4.1.1.1 Reactants  
    Multiwall carbon nanotubes (MWCNTs, catalogue number 724769), Potassium 
permanganate (KMnO4), hydrogen peroxide (H2O2, 30%), sodium nitrate (NaNO3), 
sulfuric acid (H2SO4), ethyl alcohol, (CH3CH2OH), and ammonium hydroxide 
(NH4OH), manganese(II) acetate tetrahydrate Mn(CH3COO)2.4H2O and cobalt(II) 
 MnO Mn0.9Co0.1O 
Electronic conductivity (Ω-1cm-1) 1.51*10-8 4.20*10-7 
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acetate tetrahydrate Co(CH3COO)2.4H2O were purchased from Sigma-Aldrich. All 
chemicals were used as received without any further purification. 
4.1.1.2 Oxidation of Multi-Wall Carbon Nanotubes (MWCNT)   
    Multiwall carbon nanotubes were oxidized similar to modified Hummers’ 
method with a lower concentration of oxidizing agent [8,9]. First, 60 mL of sulfuric 
acid was added to 1g of multiwall carbon nanotubes (MWCNT) in a 250 mL round-
bottom flask and stirred at room temperature for 24 h. The flask was then heated in 
an oil bath at 40 °C and 0.1 g of NaNO3 was added to the mixture. Then, 1 mg 
KMnO4 was slowly added to the solution while keeping the reaction temperature 
below 20 °C in an ice-water bath. The reaction was removed from the ice-water 
bath after 30 min and was transferred to an oil bath at 45°C and allowed to stir for 
30 min. Then, 3 mL of DI-water was added, followed by another 3 mL after 5 min 
and 40 mL after 10 min. After 15 min, the flask was taken out of the oil bath and 
140 mL of DI-water followed by 10 mL of 30% H2O2 was added to quench the 
reaction. The obtained product was centrifuged and washed with 5% HCl solution 
two times. The homogeneous supernatant was collected by centrifugation. 
4.1.1.3 Synthesis of Mn/Co/CNT  
    In a typical synthesis, 90 mg of the oxidized MWCNTs (for a final product of 
10% wt CNTs) was well dispersed in a 122.5 ml ethanol/DI water solution with a 
ratio of 48:1 for 1 hr. In the next step, 3 ml of manganese(II) acetate tetrahydrate 
(0.6 M in DI-water) solution was added. To achieve the desired percentage of Co 
doping in Mn, stoichiometric moles of Mn precursor was replaced with cobalt(II) 
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acetate tetrahydrate. The mixture was transferred to an oil bath and re-fluxed for 24 
hours after adding 2.5 ml of ammonium hydroxide solution. The solids were 
collected by centrifugation and dried in vacuum at room temperature for 72 hrs. 
Finally, the Mn/Co/CNT anode material was obtained by annealing the dried 
sample at 600 °C for 3 hours in an argon atmosphere. 
 
4.1.2    Chemical and Structural Characterization 
    Powder X-ray diffraction (XRD) patterns were collected on a Bruker D2 Phaser 
with Cu Kα radiation (=1.54184 Å) at room temperature with an operating voltage 
and current of 30 kV and 10 mA. X-ray photoelectron spectroscopy (XPS) was 
conducted on a Kratos AXIS Ultra DLD XPS system, using Al Kα radiation 
(=1486.6 eV). Transmission electron microscopy (TEM) was performed using a 
FEI Talos F200X TEM/STEM at an accelerating voltage of 200 kV. Van Der Pauw 
resistivity measurements were carried out using hard pellets of the target materials 
on a customize 4 probe set up [10]. The hard pellets were made using a 1.5 cm dice 
and were obtained by 5 minutes pressing at 10,000 lbs. The resulting pellet 
thickness was in a range from 100 to 300 μm. 
 
4.1.3    Anode Fabrication and Coin Cell Assembly 
    LIB Anodes were fabricated by preparing inks containing 70% of active material 
(Mn/Co CNT supported), 20% conductivity-boosting carbon black (CNERGY 
Super C65, Imerys), and 10% binder, polyvinylidene fluoride (PVDF, Kynar 
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blend).  The components were dispersed in N-methylpyrrolidone (NMP, Acros, 
99.5% Extra Dry) solvent and the final ink (typically 90 mg of active material 
dispersed in 800 μl of solvent) was homogenized through repeated and successive 
15 minutes sonication (4 times) and mechanical stirring overnight.  A copper foil 
(Alfa Aesar, 99.999%) was mechanically roughened and cleaned with isopropanol 
(Fisher, Optima) before being used as the current collector.  The active material ink 
was sprayed by hand with an Iwata model sprayer onto the Cu foil to a uniform 
thickness, heated under vacuum at 100°C for 24 hours, then pressed at 1500 lbs, 
calendared with a 0.3 mm gap and massed to obtain the loading.  For all electrodes 
fabricated in this study, the active loading was held between 1.0 and 1.5 mg/cm2. 
    Coin cells were assembled to investigate the electrochemical behavior of the 
MnO /CNT anodes in a half-cell configuration.  The materials used were 2.0 cm 
diameter coin cells (Hohsen Corp.), lithium metal (Alfa Aesar, 99.9%) as the 
cathode, and Celgard 2320 tri-layer PP/PE/PP as the separator. A 1M lithium 
hexafluorophosphate (LiPF6, Acros 98%) electrolyte was prepared from a 1:1:1 
volumetric fraction ethylene carbonate (EC, Acros 99+%): dimethyl carbonate 
(DMC, Acros 98+%):diethyl carbonate (DEC, Acros 99%). The separator was 
punched to a diameter of 1.9 cm while the anode was cut to 1.5 cm diameter disks. 
In an argon-purged glove box (Labconco), the lithium foil cathode was also 
punched to a 1.5 diameter disk. Afterwards, 15 µL of electrolyte was pipetted onto 
each side of the separator and placed in between the anode and the cathode. Lastly, 
the gasket, spacer disc, spring and upper case were positioned on top of the cathode 
and all of the components were then crimped and sealed into the coin cell hardware 
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before being safely removed from the Ar atmosphere-controlled glove box for 
electrochemical testing. 
 
4.1.4   Electrochemical Testing 
    Charge-discharge measurements were carried out at various rates between 0.001 
and 3 V using an Arbin MSTAT battery test system. The MSTAT system was also 
used to collect cyclic voltammograms (CVs) at a scan rate of 0.1 mV/s over the 
same voltage windows as the charge/discharge cycles. All potentials are reported 
vs. Li/Li+. Electrochemical Impedance Spectroscopy (EIS) was conducted between 
100 kHz–50 mHz with a 5 mV amplitude at the coin cell open circuit voltage, using 
an Autolab PGSTAT302N Potentiostat (Eco Chemie). 
 
4.2 Results and Discussion  
 
4.2.1    Morphological and Structural Characterization  
    Figure 4.2 shows the XRD patterns for the MnxCo1-xO/CNT materials with 
various cobalt inclusion. The peak positions for the entire material set are reported 
in Table 4.2.  
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Table 4.2: XRD peak positions for the MnxCo(1-x)O active materials (x=0, 0.05, 0.1, 
0.15, 0.2). 
 
0%, 5% and 10% samples show accurate coincidence with the reported peak 
position in the literature [11,12] for a MnO Face Centered Cubic (FCC) crystal 
structure, showing all of the dominant peaks at 35.7, 40.3, 58.7, 70.2 and 73.8 2θ 
degrees. The XRD pattern for the 15% Co impregnated material shows a slight 
displacement to higher angles, which indicates the presence of a second material 
(cobalt) that is altering the d-spacing and therefore the crystal structure of the MnO 
active material. There is also peak widening and what appears to be a slight 
disruption of the (111) peak at the higher 2θ edge, which suggests the possibility 
for incomplete phase separation. Regarding high Co content (20%), a dramatic 
 MnO Related Peaks 
(2θdegrees) 
CoO Related Peaks 
(2θdegrees) 
 
0% Co 34.6 40.3 58.5 70.0 73.6 N/A N/A N/A 
5% Co 34.7 40.4 58.6 70.1 73.7 N/A N/A N/A 
10% Co 34.7 40.4 58.6 70.1 73.7 N/A N/A N/A 
15% Co 35.3 41.0 59.2 70.8 74.4 N/A 41.9 N/A 
20% Co 34.9 40.6 58.8 70.3 73.9 35.7 41.4 60.2 
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change is observed; indeed, two sets of peaks are clearly present. The first set can 
still be ascribed to MnO, although shifted due to the introduction of Co into the 
FCC MnO crystal structure. The second set of peaks at 35.7, 41.4 and 60.2 2θ 
degrees, corresponds to the (111), (200) and (220) Miller planes of cubic CoO [13].  
    Figure 4.2 (b) shows a typical XPS survey for Mn0.9Co0.1O/CNT. The results 
confirm the presence of Mn and Co on the active material surface in the expected 
atomic ratio (10%, as documented in Figure 4.3). Moreover, the Mn high resolution 
scan contained only two peaks that correspond to the 2p(1/2) and 2p(3/2) orbital 
energies of MnO [14]. Peak deconvolution and the peak displacement (11.8 eV) 
confirms no metallic or higher oxidation states of manganese (3+, 4+) were present 
on the active material surface before electrochemical experiments were done.  
    Figure 4.4 (a) shows a TEM image of Mn0.9Co0.1O nanoparticles impregnated 
onto the CNT matrix. The image confirms a low loading of carbon nanotubes 
present in the active material and shows pseudo-spherical shape of the active 
material nanoparticles. The average particle size is between 25-40 nm, which is in 
good agreement with Scherrer equation calculations from the XRD pattern (Table 
4.3). 
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Figure 4.2: (a) XRD pattern for MnxCo1-xO materials with 0%, 5%, 10%, 15% and 
20% Co addition. (b) XPS general survey spectrum and Mn high resolution scan 
for Mn0.9Co0.1O. 
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Figure 4.3: XPS general survey for Mn0.9Co0.1O. The result displays a Co to Mn  
ratio of ca. 0.1, which is in good agreement with the nominal value. 
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Table 4.3: Domain Size obtained from the (200) peak in the XRD pattern for the 
MnxCo(1-x)O active materials (x=0, 0.05, 0.1, 0.15, 0.2). 
 
Moreover, there was not a significant increase in the lattice parameter or in the 
particle size for Mn0.85Co0.15O or Mn0.8Co0.2O when compared to Mn0.9Co0.1O. In 
fact, the apparent “MnO” domain size decreased as Co was added at high levels, 
which confirmed that for higher Co content, cobalt was not doped into the FCC 
MnO structure but instead phase separated. Figure 4.4 (b) presents a high 
magnification image of the Mn0.9Co0.1O nanoparticles where the lattice structure of 
the active material is clearly observed. The particle shows a d-spacing of 1.66 A° 
(in good agreement with XRD results) and an almost spherical shape, which has 
been shown to help dispersion and adhesion of metal oxide nanoparticles on carbon  
 Peak Position   
(2θdegrees) 
Full Width Half 
Maximum (rad) 
Domain Size (nm) 
Sherrer Eqn 
0% Co 40.3 0.00741 20.0 
5% Co 40.4 0.00757 19.5 
10% Co 40.4 0.00534 27.7 
15% Co 41.0 0.00665 22.3 
20% Co (MnO) 40.6 0.00876 16.9 
20% Co (CoO) 41.4 0.0119 12.5 
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Figure 4.4: (a) TEM image of Mn0.9Co0.1O/CNT. (b) High magnification image of 
one single Mn0.9Co0.1O/CNT nanoparticle. STEM mapping images for the particles 
in (a) showing the elements: carbon (c), manganese (d), oxygen (e) and cobalt (f).     
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substrates [15]. Figures 4.4 (c) - 4.3 (f) show the STEM mapping for carbon, 
manganese, oxygen and cobalt, respectively, using the exact TEM grid position as 
Figure 4.4 (a). The analysis shows the homogeneous presence of cobalt throughout 
the active material. Moreover, the oxygen mapping matches all of the nanoparticles, 
supporting the XPS result that metallic manganese is very rarely present, if at all.  
 
4.2.2    Cyclic Voltammetry Analysis  
    Figures 4.5 (a), 4.5 (b) and 4.5 (c) show the cyclic voltammograms for MnxCo1-
xO/CNT with 0%, 10% and 20% Co inclusion, respectively. These were selected 
because they are representative cases of no doping (4.5 (a)), inclusion in the 
material without showing any change in phase (4.5 (b)), and clear phase separation 
(4.5 (c)). There are some common features that can be observed regardless of the 
cobalt concentration. In the first cathodic scan, a large peak at 0.05 V is observed, 
corresponding to the formation of the solid electrolyte interphase (SEI). In the 
Mn0.8Co0.2O voltammogram, two peaks are present in the first polarization. The 
smaller peak at 0.2 V is characteristic in shape and position to SEI formation on 
CoO [16], further confirming phase separation at high cobalt content; the larger 
peak at 0.05 V can still be ascribed to SEI formation on “MnO”. In subsequent 
cathodic scans, two peaks were always observed for all materials, the first at 0.45 
V and the second at 0.3 V. In the reverse (anodic) scan, two oxidative peaks were 
always observed, a large peak at 1.3 V, and a smaller peak at 2.0 V. With regards 
to the cathodic peaks, there is much evidence in the literature that the peak at 0.45V 
can be ascribed to the conversion of MnO to metallic Mn and Li2O [17] (light brown  
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Figure 4.5: Cyclic voltammograms for MnO (a), Mn0.9Co0.1O (b), and Mn0.8Co0.2O 
(c), showing their redox reaction peaks. 
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Figure 4.6: Proposed mechanism for MnO solid-state conversion reaction. 
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arrow in Figure 4.6). The secondary peak at 0.3V is not correlated to CoO 
conversion [16], since it was detected in all cases, even when no cobalt was present 
in the active material, suggesting the possibility of a higher oxidation state of Mn 
being present after only one redox cycle. 
    One of the most likely Mn species to be formed is Mn3O4. There are two 
compelling pieces of evidence to support Mn3O4 as the secondary oxide phase. 
First, Figure 4.7 shows the cyclic voltammograms for Mn3O4 supported on CNTs. 
All 5 scans show a clear single cathodic peak at 0.3V and two anodic peaks, at 1.3V 
and 2.2V, which is consistent with what was observed in Figures 4.5 (a), (b) and 
(c). Second, to better identify MnxCo1-xO conversion behavior, Mn0.9Co0.1O was 
cycled 300 times between 0 and 3 V vs Li/Li+ to allow a large amount of the 
secondary phase to accumulate on the surface, and the resulting anode species were 
probed by XPS (Figure 4.8). It was possible to deconvolute the Mn 2p region in 
two doublets, one that is ascribed to MnO and the other corresponding to Mn3O4. 
Moreover, the peak sets show almost the same intensity, which suggests that the 
two different MnO phases were present in a similar concentration, which is in good 
agreement with the previous cyclic voltammetry analysis (as shown in Table 4.4). 
 
 
 
Table 4.4: Quantification of species mass % based on Figure 4.8. 
 Mn MnO Mn3O4 
% ratio 5.6 46.8 47.6 
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Figure 4.7: Cyclic voltammetry of the first 5 cycles for Mn3O4/CNT. 
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Figure 4.8: XPS high resolution scan of Mn 2p area for Mn0.9Co0.1O after 300 
charge/discharge cycles at 1C. 
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    In order to account for the higher oxidation state Mn after repeated oxidation and 
reduction cycles, despite limited oxygen in the system (since Mn3O4 requires 
additional oxygen to form, Equation 4.1), there are three main possibilities. 
                                             (4.1) 
First, the Mn3O4 that is formed contains oxygen vacancies, which has been found 
previously [18] in a non-battery environment. The second possibility is that MnO 
is converted to a higher oxidation state by reacting with oxygen species (i.e. 
carbonates) that are created during the formation of the solid electrolyte interphase 
(SEI). Third, it is also possible that local stoichiometry post-reduction (after 
charging) kinetically favors the oxidation of Mn3O4 (during discharge). This would 
also result in domains of metallic Mn post cycling, which were detected by XPS 
(Table 4.3), though not in a significant quantity. This third pathway is depicted in 
red in Figure 4.6. 
 
4.2.3    Mechanism Determination by Tafel Slope Analysis  
    The kinetics and reversibility of the conversion reaction was probed by carrying 
out charge/discharge tests at different rates for all MnxCo1-xO materials, and the 
results are shown in Figure 4.9. First, the results generally showed a decrease in 
extent of reaction at higher rates, which is expected because of the increasing 
kinetic overpotentials the battery is experiencing with increasing reaction rate. In 
order to evaluate the overpotentials in-situ, the charge/discharge curves at four 
reaction rates were deconvoluted. This was done for all of the Mn xCo1-xO  
OLiMneLiOMn 243 4388 

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Figure 4.9: Rate capability for MnxCo1-xO investigating kinetic overpotentials as a 
function of Co inclusion. 
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Figure 4.10: Charge/discharge curves at different rates for (a) MnO (b) 
Mn0.95Co0.05O (c) Mn0.9Co0.1O (d) Mn0.85Co0.15O (e) Mn0.8Co0.2O. 
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chemistries, as shown in Figure 4.10. Among the MnxCo1-xO materials, increasing 
the Co content led to lower overpotentials, with the most notable differences at high 
reaction rate (Table 4.5), confirming what already reported in chapter 3. Because 
of the lower overpotentials, the cells were able to operate over a larger effective 
voltage window and thus were able to achieve a higher extent of reaction (higher 
capacity).  
 
 
 
 
 
 
Table 4.5: Kinetics overpotentials at a current rate of 1600 mA/g for the              
MnxCo(1-x)O active materials (x=0, 0.05, 0.1, 0.15, 0.2). 
 
In fact, MnO (0% Co doped), shows only 23.1% conversion (175 mAh/g) at 1600 
mA/g. The Mn0.95Co0.05O, Mn0.9Co0.1O, Mn0.85Co0.15O and Mn0.8Co0.2O active 
materials were able to achieve significantly higher conversions and capacities of 
284, 355, 390 and 554 mAh/g (at a current rate of 1600 mA/g), respectively. The 
Mn0.8Co0.2O was able to achieve one of the highest capacities reported to date for 
any Mn anode in Lithium ion batteries at a rate of 1600 mA/g [17, 19-26]. 
 Reduction Overpotential (mV) 
at 1600 mA/g 
Oxidation Overpotential (mV) 
at 1600 mA/g 
0% Co 98 53 
5% Co 121 80 
10% Co 86 57 
15% Co 80 49 
20% Co 52 47 
 174 
 
    Knowing the overpotentials for all of the active materials as a function of current, 
a Tafel slope analysis was carried out for both the reduction (lithiation) and 
oxidation (delithiation) reactions in order to identify the rate limiting step in the 
electrochemical conversion reaction. Three assumptions were made: the Mn3O4 
reaction pathway is negligible initially because of the very few number of 
charge/discharge cycles that occurred during the testing; the first data point at 40 
mA/g was neglected because the overpotential was too small (~10 mV) to justify 
its use given the inherent assumptions in the Tafel equation derivation (Equation 
4.2); and the Mn0.8Co0.2O was not considered because of the phase separation and 
consequent increasing number of reactions occurring simultaneously. The 
overpotentials were evaluated for both charge and discharge by taking the mid-
point value between the cutoff voltage at the end of each cycle and the following 
data point, and the Tafel slope was evaluated for each MnxCo1-xO chemistry: 
                                                                                              (4.2) 
Where η is the overpotential at a specific current density i and b is the Tafel slope, 
which is defined as:  
                                                                                                 (4.3) 
Where F=96485.3 Cmol-1 is Faraday constant, R=8.314 J mol-1 K-1 is the ideal gas 
constant, T=298 K is the temperature, and αeff is the effective transfer coefficient. 
Figure 4.11 shows an example of the evaluation of the Tafel slope for both forward 
and reverse scans for MnO, similarly to what shown for NiO in Chapter 3. 
iba log
effF
RT
b


303.2
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Figure 4.11: Tafel slope for MnO during lithiaton (black line) and delithiation 
(blue line). Applying Eq. 4.3, the calculated value of αeff for the oxidation and 
reduction reactions were equal to 0.55 (~0.5) and 1.67 (~1.5) respectively. 
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    From the Tafel slope, αeff was determined by Equation 4 and averaged over the 
four MnxCo1-xO materials in order to determine the nature of the rate determining 
step (RDS) using Equation 4.4.  
                                                                                                                                                                                                               
(4.4)                                                                                              
Where γ is the number of electron transfer steps preceding the rate determining 
step, ν is the RDS stoichiometric coefficient, β is the transfer coefficient for a 
reversible reaction (which is 0.5 for most systems of interest), and ρ is a coefficient 
equal to 1 if the RDS is an electron transfer step or 0 if it is a chemical step. The 
results showed an αeff of 0.54 (≈ 0.5) for the reduction reaction, and an αeff  of 1.54 
(≈ 1.5) for the oxidation reaction, from which a reaction scheme proposed in 
Equations 4.5-4.7 can be inferred: 
 
 
 
    When αeff ≈ 0.5 (Tafel slope ≈ 120 mV/decade) ρ=1 and γ=0, the RDS is an 
electrochemical step, and more specifically, the first electrochemical reaction 
(Equation 4.5), namely the formation of the MnOLi complex. During the oxidation 
(from Equation 4.7 to Equation 4.5), αeff  ≈ 1.5 (Tafel Slope ≈ 40 mV/decade), ρ= 
ν = γ =1, identifying the second electrochemical step as the RDS, strongly 
supporting the reduction data pointing to Equation 4.5 as the RDS. The consistent 
result also suggests that the active sites for the reaction do not change whether 

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(4.6) 
 
(4.7) 
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oxidation or reduction are occurring and the primary activation hurdle lies in the 
MnOLi intermediate. Lastly, the individual values for the Tafel slope, and hence 
αeff, for with varying Co content were quite consistent, showing that the underlying 
mechanism for the conversion of MnO is not affected by the presence of Co. 
 
4.2.4    Cycle Stability  
    To begin probing the reaction reversibility, initial charge/discharge cycles and 
long-term stability tests for all MnxCo1-xO active materials at 400 mA/g are 
reported in Figures 4.12 and 4.13. For a limited number of redox cycles (Figure 
4.12), all of the MnxCo1-xO materials show good reversibility, with the exception 
of the phase-separated x= 0.15 and x= 0.2, which experienced slight decline even 
within 50 cycles.  
    However, when looking at extensive long-term cycling (Figure 4.13), it is clearly 
demonstrated that the phase-separated materials are very unstable. In fact, 
Mn0.85Co0.15O and Mn0.8Co0.2O show rapid loss in reversibility (capacity fade), 
only realizing 347 mAh/g and 133 mAh/g, respectively, after 300 cycles at a rate 
of 400 mA/g. This might be due to the fact that the phase separation in the active 
material limits the number of surface active sites available and lengthens the path 
for Li ion solid state diffusion. At the other extreme, low Co inclusion had minimal 
impact on the reaction reversibility, showing equally poor reversibility to raw 
MnO. Indeed, MnO and Mn0.05Co0.15O show a final extent of reaction after 300 
cycles of only 299 and 286 mAh/g, respectively. Interestingly, Mn0.9Co0.1O showed 
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Figure 4.12: Initial reaction reversibility of MnxCo1-xO at a current rate of 400 
mA/g. 
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Figure 4.13: 300 charge/discharge cycles for MnxCo1-xO at a current rate of 400 
mA/g, showing their long-term reversibility of solid-state Mn conversion reaction 
as a function of Co inclusion in MnO. 
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the highest reaction reversibility over the 300 charge/discharge cycles, and is one 
of the best results for a MnO based anode to date at a rate of 400 mA/g (Table 4.6). 
In fact, 10% Co inclusion in MnO is able to achieve excellent reversibility and 
capacity retention, and a high capacity value of ca. 550 mAh/g for 300 cycles.   
 
 
 
 
 
 
 
            Table 4.6: Summary of the electrochemical properties of MnO and carbon 
composites in recent literature. 
 
    Comparing charge/discharge curves at cycle 3 and 300 for the various materials 
(Figure 4.14), only Mn0.9Co0.1O showed low hysteresis, confirming the high 
reversibility of the conversion reaction for this MnO to Co ratio.  This behavior 
appears to result from a balance between the intrinsic capacity fade of MnO  
with cycling and the partial reconversion to Mn3O4, which possesses a higher 
intrinsic capacity.   
Active 
Material 
Current 
Rate 
Reversible 
Capacity 
(mAh/g) 
Cycle 
Number 
Reference 
MnO/Graphene 2000 mA/g 840 400 [17] 
MnO 
Microspheres 
50 mA/g 700 100 [22] 
MnO/rGO 100 mA/g 650 50 [23] 
MnO/CNTs 510 mA/g 600 200 [24] 
MnO/C 
Composite 
50 mA/g 650 150 [25] 
MnO/C 
Nanofibers 
50 mA/g 580 50 [26] 
MnO Sputtering 
Thin Film  
40 μA/cm 680 100 [27] 
MnO/C 
Composite 
100 mA/g 690 50 [21] 
MnO/Nanoflakes 246 mA/g 700 200 [20] 
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Figure 4.14: Charge/discharge curves for cycle 3 (black line) and cycle 300 (red 
line) at 400 mA/g for (a) MnO (b) Mn0.95Co0.05O (c) Mn0.9Co0.1O (d) Mn0.85Co0.15O 
and (e) Mn0.8Co0.2O. 
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    The root cause for more graduate conversion of MnO to Mn3O4 with cycling is 
discussed below. Features characteristic of the more gradual re-conversion of 
metallic manganese to Mn3O4 for Mn0.9Co0.1O compared to the other MnxCo1-xO 
species can be detected from cyclic voltammograms and post-cycling XPS. In fact, 
both Figures 4.5 (a) and 4.5 (c) show clear anodic peaks at 2.2V (a fingerprint for 
the presence of Mn3O4, Figure 4.7), but Figure 4.5 (b) only shows a very low 
intensity (magnitude) peak. Moreover, though the height and area of the two 
cathodic peaks during the second redox scan is comparable for the three analyzed 
materials, in the following redox cycles, the peak ratio changes. Only for figure 4.5 
(b) is the area under the cathodic peak at 0.45V substantively larger than the area 
under the peak at 0.35 V, confirming that the predominant species after 5 cycles is 
MnO for Mn0.9Co0.1O.      
    As further proof, all other MnxCo1-xO chemistries experienced a fast increase in 
capacity in the first 30 cycles (Figure 4.12), likely due to the fast conversion to 
higher capacity Mn3O4, and then a rapid capacity fade of the predominant phase 
(another characteristic of Mn3O4 active materials, confirmed in Figure 4.15. It 
should be noted that Figure 4.15 itself shows that Mn3O4 in isolation is likely not a 
desirable starting oxide from which to create a Li-ion battery anode). Finally, post-
cycling XPS was carried out after 300 cycles on MnO (Figure 4.16), which shows 
that when no Co is present, 100 % of the active material is reconverted to Mn3O4 
at the end of the redox cycles.  Recall (Table 4.4) that for Mn0.9Co0.1O around half 
of the manganese remained Mn(II), being a potential indication that the inclusion 
of Co limits the amount of available oxygen for MnO by forming different cobalt  
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Figure 4.15: Mn3O4/CNT capacity retention at 1C over 300 charge/discharge 
cycles. 
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Figure 4.16: XPS high resolution scan of Mn 2p area for MnO after 300 
charge/discharge cycles at 1C. 
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 oxide species (CoO and Co3O4 in equal amounts, supported by Figure 4.17 and 
Table 4.7.  
     
 
 
 
Table 4.7: Quantification of species mass % based on Figure 4.17. 
 
Therefore, it is the fight for secondary oxygen between Mn and Co that controls 
the materials chemistry and gradual conversion of MnO to Mn3O4, a new and very 
interesting result.  Also exciting is that by occurring over many cycles, though the 
all of the individual oxide phases themselves have limited stability, in operating 
batteries these anodes showed very good capacity retention.  This shows that it is 
possible to decouple materials stability and reaction reversibility, or to even 
engineer materials with prescribed failure mechanisms that do not sacrifice 
performance.   
 
4.3 Conclusions 
    In conclusion, a detailed study on the MnO solid state conversion reaction in Li 
ion batteries has been reported in this chapter. All active materials showed presence 
of a secondary phase Mn3O4, which was not detect before. The degree of Co 
inclusion into MnO has been shown to be a critical variable to maintain the balance 
between MnO intrinsic capacity fade due to particle agglomeration and Mn3O4  
 Co3O4  CoO 
% ratio 52.1 47.9 
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Figure 4.17: XPS high resolution scan of Co 2p area for Mn0.9Co0.1O after 300 
charge/discharge cycles at 1C. 
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formation, by allowing gradual Mn3O4 re-conversion. Co content optimization 
produced an active material able to retain stable capacity over 100’s of cycles, 
being one of the best MnO materials reported in the literature to date. This work 
also opens up new pathways for investigation, including the study of other 
conversion reactions for low oxidation state metal oxide compounds, which could 
help explain some of the works in the literature where the capacity values are above 
the theoretical. Moreover, the presented Co inclusion approach can be extended to 
many other materials, being possible to find other synergistic combinations of 
chemistries and it might be useful for the development of new anodes for advanced, 
high power demanding Li ion batteries applications. As a proof of this statement, 
in the next chapter, a novel and more feasible for industrial applications alternative 
as a doping material has been implemented such as sodium cations. Moreover, the 
material used for this study was Mn3O4. This was made on purpose, to undoubtedly 
confirm that the reconversion of metal oxides to higher oxidation states during 
cycling is real, and should not be affected by the kind of doping material chosen. If 
this is true, MnO2 is expected to be detected at the end of the electrochemical 
cycling.  
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CHAPTER 5: SODIUM INCLUSION AS AN INNOVATIVE STRATEGY TO ENHANCE 
REACTION REVERSIBILITY OF MANGANESE OXIDE ANODES  
    As shown in the previous chapter, an innovative solution for future long life, 
high energy density Li ion batteries is the inclusion of small amounts of targeted 
secondary elements into the active material matrix. This doping acts to increase the 
intra-particle electronic conductivity and thus promotes electron transfer to the 
reaction active sites, improving reaction reversibility and therefore the capacity 
retention of the cell. However, the inclusion of transition metal dopants such as 
cobalt [1-3] or indium [4] could potentially present more than one drawback: Co 
and In are redox active themselves, which although might make a positive 
contribution to the total cell capacity, and in the case of cobalt this was very useful 
to subtract oxygen from manganese and stabilizing the conversion reaction, it might 
also lead to long term material instabilities over many thousands of cycles. 
    Moreover, some of the candidate dopant metals are somewhat expensive and 
only partially suitable for practical applications. For example, nowadays there is a 
big investment in LiFePO4 as an alternative cathode material to LiCoO2, because 
although the capacity and stability of the former (170 mAh/g) is much lower than 
the latter (272 mAh/g), the implementation of LiFePO4 would considerably reduce 
the manufacturing price; currently 1/3 of the cost of the Li-ion battery is the LiCoO2 
[5], because of the high cost of cobalt. For this reason, it is hard to justify the 
addition of Co at the anode from a commercial perspective, even in small quantities.  
    Therefore, other dopants need to be discovered that are low cost, and in this 
chapter sodium is included into the structure of a Mn3O4/CNT active material for 
 191 
 
lithium ion battery anodes. Na addition has many advantages compared to transition 
metal doping.  First, Na is more naturally abundant and less expensive compared to 
the majority of transition metals. Moreover, it does not undergo conversion reaction 
itself; in fact, in the potential range for the metal oxide charge/discharge Na is not 
electrochemically active at all.  
     In summary, addition of 10% Na allowed the active material to retain an 
excellent capacity of more than 800 mAh/g over 500 charge/discharge cycles at 1C. 
Moreover, the electronic conductivity, measured by Van Der Pauw method, 
increased by two orders of magnitude with the addition of Na, justifying the 
superior performance of this material. The structures of the materials with and 
without sodium addition have been characterized by TEM, XPS and XRD. The 
electrochemical behavior anode electrodes consisting of Mn3O4/CNT and 
Mn3O4/CNT with 10% wt. Na doping were tested for rate capability, cyclic 
voltammetry, electrochemical impedance spectroscopy and capacity retention.  The 
work presented in this chapter was published in [6]. 
 
5.1    Experimental 
 
5.1.1    Material Synthesis Techniques  
    In a typical synthesis, 40 mg of multiwalled carbon nanotubes (MWCNTs, 
Sigma-Aldrich, #724769) was dispersed in a mixture of N, N-dimethylformamide 
(50 ml, Sigma-Aldrich, # 227056) and DI-water (1 ml). 0.01 mol of manganese 
acetate tetrahydrate (CH3COO)2Mn×4H2O (Sigma-Aldrich, # 221007) was added 
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to the mixture and stirred for 10 minutes. Afterwards, a stoichiometric quantity of 
sodium acetate trihydrate C2H3NaO2×3H2O (Sigma-Aldrich, # 236500) was added 
to the solution. After 5 minutes, 1 ml of ammonium hydroxide solution (28-30% 
NH3 basis, Sigma-Aldrich, # 221228) was added and the mixture was kept stirring 
for another 5 minutes. In the next step, the solution was refluxed in an oil bath at 
90 ℃ for 24 hours in air, followed by a solvothermal reaction in a 120 ml Teflon-
lined autoclave at 180 ℃. The obtained powder was purified by multiple 
centrifugations steps in ethanol (2000 rpm) and lastly dried in a vacuum oven at 60 
℃ for 24 hours. 
 
5.1.2    Chemical and Structural Characterization 
    Powder X-ray diffraction (XRD) patterns were collected on a Bruker D2 Phaser 
with Cu Kα radiation (=1.54184 Å) at room temperature with an operating voltage 
and current of 30 kV and 10 mA, respectively. X-ray photoelectron spectroscopy 
(XPS) was conducted on a Kratos AXIS Ultra DLD XPS system, using Al Kα 
radiation (=1486.6 eV). Transmission electron microscopy (TEM) was performed 
using a FEI Talos F200X TEM/STEM at an accelerating voltage of 200 kV. Van 
Der Pauw resistivity measurements were carried out using a customized 4 probe 
setup [7]. Several inks were prepared by dispersing Mn3O4/CNT with 0 %, 5 % and 
10 % Na active materials in NMP. The final inks were homogenized through 60 
minutes of sonication, changing the water 3 times during this period to avoid 
overheating, followed by mechanical stirring overnight. The inks were then sprayed 
onto one side of a rectangular glass slide (Arrayit Corporation, Cat. Number 
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SMM2) using an Iwata model sprayer. The resulting thickness of the sprayed active 
material layers was between 5 and 20 μm, evaluated by SEM cross-sections. 
 
5.1.3    Anode Fabrication and Coin Cell Assembly 
    LIB anodes were fabricated by preparing inks containing 80% of active material 
(Mn3O4/Na/CNTs), 10% carbon black (CNERGY Super C65, Imerys), and 10% 
PVDF (polyvinylidene fluoride, Kynar blend) binder.  The components were 
dispersed in N-methylpyrrolidone (NMP, Acros, 99.5% Extra Dry) solvent and the 
final ink (typically 45mg of active material dispersed in 600 μl of solvent) was 
homogenized through 60 minutes of sonication, changing the water 3 times during 
this period to avoid overheating, followed by mechanical stirring overnight. A 
copper foil (Alfa Aesar, 99.999%) was mechanically roughened and cleaned with 
isopropanol (Fisher, Optima) before being used as the current collector.  The active 
material ink was sprayed with an Iwata model sprayer onto the Cu foil to a uniform 
thickness, heated under vacuum at 100°C for 24 hours, then pressed at 1500 lbs, 
calendared with a 0.3 mm gap and massed to obtain the loading.  For all electrodes 
fabricated in this study, the active loading was held between 0.4 and 1.4 mg/cm2. 
    Coin cells were constructed to investigate the electrochemical behavior of the 
Mn3O4/Na/CNT anodes in a half-cell and full-cell configuration.  The materials 
used were 2.0 cm diameter coin cells (Hohsen Corp.), lithium metal (Alfa Aesar, 
99.9%) as the counter and reference electrode for the half-cell configuration, and 
Celgard 2320 tri-layer PP/PE/PP as the separator. A 1M lithium 
hexafluorophosphate (LiPF6, Acros 98%) electrolyte was prepared from a 1:1:1 
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volumetric mixture of ethylene carbonate (EC, Acros 99+%): dimethyl carbonate 
(DMC, Acros 98+%):diethyl carbonate (DEC, Acros 99%). The separator was 
punched to a diameter of 1.9 cm while the anode was cut to 1.5 cm diameter disks. 
In an argon-purged glove box (Labconco), the lithium foil was also punched to a 
1.5 diameter disk. Afterwards, 15 µL of electrolyte was pipetted onto each side of 
the separator and placed between the anode and the cathode. Lastly, the gasket, 
spacer disc, spring and upper case were positioned on top of the cathode and all of 
the components were then crimped and sealed into the coin cell hardware before 
being safely removed from the Ar atmosphere-controlled glove box for 
electrochemical testing. 
 
5.1.4   Electrochemical Testing 
    Charge-discharge measurements were carried out at various rates between 0.001 
and 3 V using an Arbin MSTAT battery test system. The MSTAT system was also 
used to collect cyclic voltammograms (CVs) at a scan rate of 0.1 mV/s over the 
same voltage window as the charge/discharge cycles. All potentials are reported vs. 
Li/Li+. Electrochemical Impedance Spectroscopy (EIS) was conducted between 1 
MHz–50 mHz with a 5 mV amplitude at the coin cell open circuit voltage, using an 
Autolab PGSTAT302N Potentiostat (Eco Chemie). 
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5.2 Results and Discussion  
 
5.2.1    Morphological and Structural Characterization  
    Figure 5.1 (a) shows the XRD patterns for Mn3O4, with no sodium (black line) 
and 10% Na (1:9 Na:Mn ratio, blue line).  Both samples present dominant peaks 
located at 18.0, 28.7, 31, 32.4, 36.2, 38.0, 44.6, 50.8, 53.7, 56.2, 58.3, 59.9, 64.8 
and 79 2 degrees, which corresponds to the (101), (112), (200), (103), (211), 
(004), (220), (004), (105), (311), (303), (321), (224), (400) and (413) Miller planes, 
respectively, and are all characteristic of the hausmannite Mn3O4 phase with 
tetragonal crystal structure [8]. Moreover, the XRD pattern shows evidence that no 
synthesis contaminants were left on the material surface. Also, no peaks were 
observed for oxidized Na (Figure 5.2), nor a peak displacement as the Na inclusion 
was performed, suggesting that the sodium did not phase separate on the surface, 
but was instead included into the material crystal structure [3] with minimal 
crystallographic strain.                                                                                                                               
    Figure 5.1 (b) shows the XPS general survey for the 10% Na-Mn3O4/CNT 
material. Every major peak has been identified, most importantly confirming the 
presence of Na. The Figure 5.1 (b) inset shows the high-resolution scan for the Na 
1s orbital. The peak position at 1071.8 and the peak deconvolution shows that the 
sodium was present in a single oxidation state [9], and surface quantification (Table 
5.1) confirms that the Na inclusion amount is very close to the targeted 10% atomic 
ratio. Figure 5.1 (c) shows the high resolution scan for Mn, containing only two 
peaks which correspond to the 2p ½ and 3/2 orbital energies of Mn. The doublet  
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Figure 5.1: (a) XRD patterns for Mn3O4/CNT active materials with 0 % Na (black 
line) and 10% Na (blue line) inclusion. (b) XPS general survey spectrum for the 
Mn3O4/CNT active material with 10 % Na inclusion and inset of XPS high 
resolution spectrum for Na 1s. (c) XPS high resolution spectrum for Mn 2p. 
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Figure 5.2: XRD pattern for oxidized Na. 
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peak position, at 641.5 eV and 653.3 eV, and the 11.8 eV displacement among the 
two peaks (due to the difference in electronic spin) are both characteristic of Mn3O4 
[10], which is confirmed to be the only Mn oxidation state present on the active 
material surface pre-cycling (which was also the case without Na inclusion, Figure 
5.3).  
 
Table 5.1: Quantification of species atomic % based on Figure 5.1 (b). 
 
    Figure 5.4 shows TEM and STEM mapping images of the 10 % Na-Mn3O4/CNT 
composite. Figure 5.4 (a) confirms the homogeneous distribution of the 
nanoparticles obtained with the solvothermal method, which were present over the 
entire area of the imaged active material. Moreover, it shows that the particles were 
entangled throughout the carbon nanotube matrix, which both acts as a buffer for 
the intrinsic volumetric expansion during the Mn conversion reaction (estimated 
around 63%) and increases the inter-particle electronic conductivity of the anode. 
From Van der Pauw measurements, it was found that the addition of 10 % sodium 
increased the intra-particle electronic conductivity of the electrode by almost 2 
orders of magnitude, from an initial value of 0.44 S/cm to 13.71 S/cm, as shown in 
Figure 5.5. This increase in electronic conductivity is key to ensure fast electron 
transport to the reaction active sites and therefore high reaction reversibility, as  
 C N O Mn Na 
Composition, 
atomic % 
70.5 0.6 23.8 4.6 0.5 
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Figure 5.3: XPS high resolution scan of Mn 2p for the Mn3O4/CNT active material 
with 0 % Na inclusion. 
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Figure 5.4: (a) Low magnification TEM image of the Mn3O4/CNTs material with 
10 % Na inclusion (b) High resolution TEM image of the Mn3O4/CNTs 
nanoparticles with 10 % Na inclusion. (c) Detail of particle anchoring to CNTs for 
the active material with 10 % Na inclusion (d) STEM high resolution image of the 
Mn3O4/CNTs nanoparticles with 10 % Na inclusion and corresponding mapping 
for (e) carbon, (f) manganese, (g) oxygen and (h) sodium. 
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Figure 5.5: Van Der Pauw conductivity measurements as a function of sodium 
content for the Mn3O4/CNT materials. 
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shown in the previous chapter, which consequently leads to stable and high 
capacity [11].  
    Figure 5.4 (b) is a high magnification TEM image showing that the active 
material nanoparticles were spherical in shape with a diameter between 10 and 30 
nm. Figure 5.4 (c) is a high resolution image showing a 10% Na-Mn3O4 particle 
well-anchored between to the CNT. It also shows the multi-wall features of the 
carbon nanotubes, which possess a constant diameter of 10 nm. Figure 5.4 (e) 
shows the carbon signal STEM image corresponding to the mapping of Figure 5.4 
(d). It confirms the extensive presence of the CNT matrix amongst the active 
material nanoparticles. Figure 5.4 (f) and Figure 5.4 (g) show how well the 
manganese and oxygen signals overlap, confirming that manganese is present in its 
oxidized state.  Figure 5.4 (h) shows how the Na perfectly overlaps with the Mn 
and O, confirming its homogeneous presence throughout the active material.         
Lastly, TEM images on the pure Mn3O4/CNT material (Figure 5.6) confirms that 
the inclusion of sodium does not affect size, morphology or homogeneity of the 
active material.  
 
5.2.2    Electrochemical Characterization  
    The reversible capacity using cycle 5 as a baseline of the Mn3O4 active materials 
with 0 % Na (black line) and 10 % Na (blue line) are reported in Figure 5.7 (a) at a 
current rate of 1C for 100 charge/discharge cycles. First, observing the 
electrochemical behavior of the Mn3O4 material without Na, it is clear that the 
Mn3O4/CNT is not stable. In fact, there is a deep capacity fade starting at cycle 20,  
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Figure 5.6: TEM and STEM images for the Mn3O4/CNT active material with no 
Na inclusion.  
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Figure 5.7: (a) Reversible Capacity retention of the Mn3O4 active materials with 
0% (black), and 10% (blue) Na inclusion at a 1C rate over 100 cycles. (b) Extended 
capacity retention of the Mn3O4 active material with 10% Na inclusion at a 1C rate 
over 500 cycles. (c) Rate capability of the Mn3O4 active materials with 0% (black) 
and 10% (blue) Na inclusion. 
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which, in only 30 more cycles, reduces to half the capacity value at cycle 5. This is 
most likely due the extremely low electronic conductivity of this material, as shown 
in Figure 5.5.  
    Further cycling the Na-free Mn3O4 for 300 cycles (Figure 5.8 (a)), after the first 
100 cycles the capacity actually starts to rise up to a value of 698 mAh/g.  Though 
somewhat unexpected in isolation, such a “U shaped” capacity retention curve has 
been previously reported in the literature [12,13], but not fully explained. It is 
possible that this shape could be caused by a fast reconversion of Mn + Li2O not 
only to Mn3O4 but also to MnO2, in accordance of what seen in Chapter 4 for MnO, 
which is only occurring after cycle 100, following the redox reaction depicted in 
Equation 5.1: 
  LieMnOOLiMn 442 22                                                                        
(5.1) 
MnO2 has a higher theoretical capacity (1255 mAh/g) than Mn3O4 and, therefore, 
could explain the increase in capacity reported after cycle 125 until cycle 300. In 
fact, at the end of 300 cycles, XPS shows that all of the material has now been 
reconverted to MnO2 (Figure 5.9). As in Chapter 4, the additional oxygen per Mn 
atom that is needed for this reaction to occur can come from consumption of the 
SEI.  However, unlike Chapter 4, the conversion to the higher oxidation state did 
not occur instantaneously followed by agglomeration and capacity loss.  The 
agglomeration occurred first, and then the reconversion to higher oxidation 
occurred. This may also explain why MnO2 was not seen in Chapter 4 – the Mn3O4 
agglomerates never reached a critical size. However, more investigation is needed 
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in the future in order to definitively determine the root cause.   
 
Figure 5.8: Capacity retention at 1C over 300 charge/discharge cycles of (a) 
Mn3O4/CNT material and (b) 10% Na-Mn3O4 material. 
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Figure 5.9: XPS high resolution scan of Mn 2p area for Mn3O4 after 300 
charge/discharge cycles at 1C.  It should be noted that after 300 cycles all of the 
Mn3O4 has been converted to MnO2. 
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   The capacity retention curve for the 10 % Na material shows very different 
behavior. In fact, the curve does not present any decay in the first 50 cycles, 
maintaining almost 100 % of the reversible capacity shown at cycle 5. Analyzing 
the capacity retention for a more extensive number of cycles (Figure 5.8 (b)), the 
capacity starts at 742 mAh/g and stays quite stable for the entire duration of the test, 
maintaining a value of 717 mAh/g after 300 cycles and a capacity of 734 mAh/g 
after 500 cycles (Figure 5.7 (b)).  This 99 % capacity retention over 500 cycles is 
one of the best results ever reported for any Mn anodes for Li ion batteries to date. 
The Coulombic efficiency was always greater than 98 %.  
    Interestingly, high capacity retention again did not specifically mean complete 
chemical reversibility, but only more gradual transition to a higher theoretical 
capacity species as MnO2. There are two pieces of evidence that support this 
hypothesis: first, after 300 charge/discharge cycles, only 68 % of the material has 
converted to MnO2 (Figure 5.10 and Table 5.2), as opposed to the Mn3O4/CNT 
material which showed 100% MnO2 at the end of cycling (Figure 5.9); second, the 
presence of MnO2 is already detected at the beginning of the capacity retention test, 
as seen by cyclic voltammetry. In fact, Figure 5.11 (a) and Figure 5.11 (b) show 
cyclic voltammograms for Mn3O4/CNT and Na-Mn3O4/CNT anodes, respectively. 
There are common features between the two materials, including a large peak at 
0.05 V that can be ascribed to the formation of the solid electrolyte interphase (SEI). 
In the subsequent anodic scans, two different peaks were always present, a primary 
peak at 1.3 V and a secondary peak at 2.1 V, which are both characteristic peak 
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locations for Mn3O4 [14]. With regards to the cathodic peaks, after the first cycle,  
 
 
 
Figure 5.10: XPS high resolution scan of Mn 2p area for 10% Na-Mn3O4 after 300 
charge/discharge cycles at 1C. 
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Figure 5.11: (a) Cyclic voltammograms of Mn3O4/CNT material. (b) Cyclic 
voltammograms of 10% Na-Mn3O4 material. 
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the Mn3O4/CNT shows only one, large peak.  Conversely, 10% Na-Mn3O4/CNTs 
shows a different behavior, presenting a much broader peak that could be 
deconvoluted into two peaks, one at 0.3 V (Mn3O4), and at 0.2 V, supporting the 
emergence of a higher oxidation state of Mn3O4 (namely MnO2) [15] during 
cycling. Therefore, MnO2 in the 10% Na-Mn3O4/CNTs is detected after the very 
first charge/discharge cycles, but after 300 cycles it only accounts for 68 % of the 
total Mn- based species, 
supporting the hypothesis 
of a more gradual transition to the higher oxidation state for this material. Lastly, 
there is no evidence of any peak that could be ascribed to any species directly 
correlated to Na. 
 
 
 
 
Table 5.2: Quantification of Mn species mass % based on Figure 5.10. 
 
 
     The rate capability of Mn3O4 without Na (black), and with 10 % Na (blue) are 
 Mn3O4  MnO2 
% ratio 32.1 67.9 
FWHM 2.5 2.9 
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reported in Figure 5.7 (c) at 6 different current rates from C/5 to 10C. The rate 
capability for the 10% Na-Mn3O4/CNT was far superior – both in terms of the 
achievable capacity and the performance stability. At 10C, the Na-Mn3O4/CNT was 
able to achieve a reversible capacity of 354 mAh/g, nearly twice that of the raw 
material without Na (178 mAh/g at 10 C), which shows how increasing the intra-
particle conductivity can have a dramatic effect on the rate capability. It should also 
be noted that the capacity of Na-Mn3O4/CNT at 10C is higher than essentially all 
of the conventional graphite anodes at 1C to date, showing that this material has 
the potential to significantly improve the performance of Li-ion batteries.   
    In order to further confirm the improvement in electronic conductivity, 
electrochemical impedance spectroscopy (EIS) was carried out for the two active 
materials and the results are plotted in Figure 5.12. The results were deconvoluted 
using an equivalent electrical circuit already presented in Figure 3.19 of Chapter 3. 
For both plots in Figure 5.12, the first semi-circle at high frequency (low Zre) is 
ascribed to electrolyte resistance (R1). The second semi-circle at low frequency 
(high Zre) is directly correlated with the SEI resistance and the charge transfer 
resistance (R2+R3). The resistances have been evaluated and compiled in Table 
5.3. Both samples have comparable R1 after 3 cycles, with the exception of 10 % 
Na which shows a slightly lower resistance, of 3.5 ohms. After 100 cycles, all of 
the R1 values have shown a slight increase of 12-17 Ω, though remaining below 40 
Ω, confirming that the electrolyte resistance does not change significantly with 
cycling, as expected.  
    Regarding the first material, R2 and R3 present slightly lower values at the end 
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of cycling than at the beginning of the test. This is a very unordinary behavior when 
compared to most of the works in the literature, where all resistances increase with 
cycling, but it does make sense in the context of what was previously reported in 
this chapter. At cycle 3 the capacity was dropping very fast due to the intrinsic 
capacity fade of the Mn3O4 materials and the resistances are quite high. Once the 
transition to MnO2 starts to occur, the resistances decrease, especially the charge  
 
Figure 5.12: EIS spectrum after 3 charge/discharge cycles (black line) and after 
100 cycles (red line) for the Mn3O4/CNT active materials with (a) No sodium, (b) 
10 % Na inclusion. 
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transfer resistance, and the capacity increases as a result. Conversely, R2 and R3 
for the 10 % Na cell slightly increased with cycling, showing a completely different 
behavior with respect to the previous materials, confirming that the chemistry for 
this material is different, most likely due to the very gradual conversion to MnO2 
during cycling.  
 
 
 
 
 
Table 5.3: EIS parameters evaluation for Mn3O4/CNT active materials with 0 and 
10 % Na inclusion based on the equivalent electrical circuit of Figure 3.19. 
 
5.3    Conclusions 
0%Na 3x 0%Na 300x 10%Na 3x 10%Na 300x
R1(Ω) 15.2 27.4 3.46 20.5
R2(Ω) 17.1 8.5 10.9 29.9
C1(F) 1.20E-05 6.00E-06 3.40E-06 0.0000022
R3(Ω) 20.1 18.5 18.2 37.4
C2(F) 8.00E-05 3.40E-05 1.20E-05 0.00003
W1(w) 0.007592 0.0084149 0.0024452 0.0049668
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    In conclusion, a new, high performing Na-Mn3O4/CNT anode material for Li-
ion batteries has been presented. First, it was shown that inclusion of Na can be 
achieved with a very simple synthesis method, which does not change the 
morphology and particle size of the active Mn3O4 nanoparticles. Moreover, 10 % 
Na has been shown to help stabilize the Mn3O4 capacity on a very high value (ca. 
750 mAh/g) over 500 cycles by greatly increasing the intra-particle electronic 
conductivity. Lastly, 10 % Na has been shown to cause more gradual transition of 
Mn3O4 to the higher oxidation state MnO2, which stabilizes its redox behavior, 
allowing for excellent cycle life.  It is expected that this strategy can be versatile 
and applied to the entire range of conversion metal oxides and perhaps even to other 
anode chemistries (fluorides, sulfides, hydrides) to achieve energy dense, high 
power Li ion batteries for emerging and future applications. 
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CHAPTER 6: THESIS CONCLUSIONS 
    In this work, the impact of electronic conductivity and morphology on the 
electrochemical conversion reaction of metal oxide anodes in lithium ion batteries 
have been investigated. Two main case studies have been highlighted using two 
different classes of materials, nickel oxides and manganese oxides. A strong 
relationship between electronic conductivity and capacity retention has been found. 
Further investigation allowed for the influence of inter-particle and intra-particle 
conductivity to be probed separately.  The inter-particle conductivity can be 
increased by adding a highly conducting (e.g. carbon black, graphene, carbon 
nanotubes) matrix, and the intra-particle conductivity can be increased through 
targeted doping.  Moreover, it has been shown that metal oxides are converted to a 
higher oxidation states during cycling, and that this conversion can be controlled. 
Therefore, the concepts of stability (cycleability) and reaction reversibility can be 
for the first time decoupled: it is possible to achieve stable behavior during cycling 
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even if the reaction is not reversible.  
    The influence of material morphology has been investigated in chapter 2. Three 
different NiO nanostructures, both in terms of shape and surface area have been 
tested, all displaying a dramatic fade after only 20 charge/discharge cycles. It has 
been shown that adding conductive carbon enhances the capacity and stability of 
all three materials. By means of IL-TEM, it was shown that in the case of the largest 
addition of Vulcan carbon (40 wt. %), though the capacity retention was 
dramatically increased, the material nanostructure was drastically changed after 
only 2 cycles, confirming the paramount importance of electronic conductivity on 
capacity retention and cycle stability.  Further TEM and IL-TEM investigations 
showed that the NiO materials undergo agglomeration with cycling, first merging 
into larger clusters, which eventually become a single, massive agglomerate. 
Counterintuitively, carbon addition is proved to increase the speed of the process, 
where the C is actually trapped within and among the agglomerated. Thus, the 
incorporation of C into the NiO agglomerates is key to achieve stable 
electrochemical conversion.   
    Chapter 3 quantifies for the first time the effect of inter-particle electronic 
conductivity on metal oxide anodes for Li ion batteries. The conductivity of two 
sets of transition metal oxide/C composites, one with Vulcan carbon and the second 
with reduced graphene oxide, was measured by the Van Der Pauw method. By 
doing this, it was possible to directly relate stable capacity to the electronic 
conductivity of each material, which showed a log-log linear relationship. This is a 
very promising tool in order to design materials with a target optimal electronic 
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conductivity and be able to know in advance what the capacity retention would be. 
It was also found that this behavior could be captured in the charge/transfer 
resistance of the active material with similar electronic conductivity, indicating that 
the transfer of electrons to the reaction active site really limits performance in these 
batteries.  
   Chapter 4 showed how enhancing the inter-particle electronic conductivity is not 
a sufficient strategy if the intrinsic electronic conductivity of the material of interest 
is too low, as is the case for Mn oxides. Therefore, a new approach was 
implemented, based on the local enhancement of the nanoparticles electronic 
conductivity, also known as intra-particle conductivity. This was achieved by 
inclusion of small quantities of cobalt into a MnO active material. First it proved 
that an amount larger than 10 % molar Co in MnO leads to phase separation and a 
consequent active material disruption and capacity fade. Second, the 10% Co 
material showed an increase of more than 2 orders of magnitude in electronic 
conductivity with respect to MnO. Moreover, the stability and capacity of the 
material has found to be optimal at this composition, showing excellent capacity 
retention over 300 cycles. It was also found that MnO re-converts to higher 
oxidation state Mn3O4 during cycling. The included CoO did the same, which 
limited the oxygen availability for MnO – stabilizing the conversion to its higher 
oxidation state (with higher theoretical capacity), making it slower and more 
gradual. This balanced the intrinsic capacity fade of Mn materials due to 
agglomeration, resulting in optimal cycleability. 
    Lastly, Chapter 5 showed the performance of sodium-doped Mn3O4/CNT 
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anodes. Na was chosen because it does not undergo any reaction in the metal oxide 
potential window and it is significantly less expensive than cobalt. Na inclusion did 
not modify the material nanostructure, but it was able to increase intra-particle 
electronic conductivity by 2 orders of magnitude and stabilize the capacity ca. 750 
mAh/g over 500 cycles, one of the best results achieved for any Mn based anode to 
date. Moreover, it was found that Mn3O4 converts to higher oxidation state MnO2, 
following the same trend shown in Chapter 4.  
 
 
CHAPTER 7: RECOMMENDATIONS FOR FUTURE WORK  
    For recommendations of future work, I can identify three main areas where more 
research would be greatly beneficial.  First, research on the effect of pressing and 
calendaring the electrode material and, consequently, electrode porosity, should be 
carried out.  A second area of interest is investigation of the re-conversion to higher 
oxidation states for metal oxides in Li ion batteries other than nickel and manganese 
oxide. The total understanding of the MOs redox behavior could help the design of 
new, highly reversible anode materials. Finally, a detailed study on the solid 
electrolyte formation and composition would be important to understand which 
chemical compounds could optimize the SEI formulation, granting better SEI 
flexibility and lower resistances, in order to improve cycle life.  
7.1   Investigation of the Effect of Porosity on the Electrochemical Behavior 
    The current procedure for fabricating Li ion battery electrodes involve both a 
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mechanical pressing step at 1500 lbs and calendaring with 0.3 mm gap. Although 
these two steps guarantee better material adhesion to the current collector and 
higher homogeneity, they could dramatically decrease the electrode porosity, 
limiting the Li ion diffusion inside the electrode, thus increasing the Warburg 
resistance with practical limitation of the battery cycle life. A first tentative 
approach was carried out by creating two NiO electrodes with 10% wt. rGO, one 
following the standard procedure, the other without any mechanical pressing action.  
     One method that some might consider to determine the electrode porosity is N2 
adsorption in order to find the BET surface area and porosity.  However, as shown 
in Figure 7.1. the ratio of the electrode to the current collector mass is very low, 
which makes the BET method a very poor choice for this particular test.  In fact, 
some of the points at low relative pressure presents a negative adsorbed quantity, 
which does not have a physical meaning. Therefore, this approach was discarded 
and a visual strategy was instead applied.  
    Figure 7.2 (a) and (b) shows the electrode with and without applied mechanical 
pressure, respectively. The surface morphology looks very similar, being both 
surfaces non-homogeneous, showing the presence of some larger agglomerates and 
smaller particles. However, one main difference can be observed: in Figure 7.2 (b) 
at least two areas can be seen where the substrate had such poor adhesion that it 
peeled off from the current collector, showing poor physical contact with the 
current collector.  
     Figure 7.2 (c) and 7.2 (d) shows the electrode after crimping in the coin cell 
with and without mechanical pressure, respectively. The former appears to have 
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more surface roughness, while the latter seems to be more flattened and 
homogeneous. Without mechanical pressure, two large spots are present where the 
current collector is clearly visible.  Since this spot was not specifically selected to 
show the spots, it can be assumed that they are located throughout the entire 
electrode. Therefore, mechanical pressing greatly helps increasing adhesion. 
Lastly, Figure 7.2 (e) and (f) show the electrode after crimping in the coin cell and 
after 250 charge/discharge cycles at 1C with and without mechanical pressure, 
respectively. Both surface areas have undergone the redox conversion reaction, 
which causes particle swelling and agglomeration, as described in Chapter 2.  
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Figure 7.1: Adsorbed quantity vs. relative pressure obtained by BET analysis for 
electrode without mechanical pressing (black line), electrode with mechanical 
pressing (red line), electrode without mechanical pressing crimped in the cell 
before cycling (green line), electrode with mechanical pressing crimped in the cell 
before cycling (blue line), electrode without mechanical pressing crimped in the 
cell after cycling (brown line). 
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Figure 7.2: SEM images of (a) electrode with mechanical pressing, (b) electrode 
without mechanical pressing, (c) electrode with mechanical pressing crimped in the 
cell before cycling, (d) electrode without mechanical pressing crimped in the cell 
before cycling, (e) electrode with mechanical pressing crimped in the cell after 
cycling, (f) electrode without mechanical pressing crimped in the cell after cycling. 
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However, the surface area depicted in Figure 7.2 (e) for the calendared and pressed 
cell looks much rougher than the one in Figure 7.2 (f). Specifically, the lower 
porosity has decreased the free volume available to particles that are expanding 
while cycling the cell, resulting in several cracks and an overall vertical rise of the 
active material. Severe particle agglomeration is also clearly visible. Conversely, 
Figure 7.2 (f) shows a much lower volumetric expansion and electrode disruption: 
the nanoparticles did not show large agglomerates, and the higher porosity of the 
material seems to have better accommodate the particles volumetric expansion, 
which expanded more on the horizontal direction.    
    From these preliminary results, this specific mechanical pressing and 
calendaring procedure seems too severe for the electrodes, reducing the porosity 
and thus, not having enough free volume to accommodate the NiO particle 
volumetric expansion and agglomeration. This is reflected also in the capacity 
retention data of Figure 7.3. In fact, despite the fact that the mechanically pressed 
electrode shows a higher capacity of 200 mAh/g for the first 150 cycles, the non-
pressed electrode could possible end up more stable in the long run.  At the end of 
250 charge/discharge cycles the two materials show almost identical capacities. But 
are on clearly different trajectories. In order to investigate if there is any side effect 
due to the poor adhesion in the non-pressed electrode, electrochemical impedance 
spectroscopy has been carried out and the results are reported in Figure 7.4.      
    The results were analyzed with the electronic circuit model previously shown in 
Figure 3.19 and the fitted model parameter values are reported in Table 7.1. 
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Figure 7.3: Capacity retention of NiO/rGO material without any mechanical 
pressure applied showing charge (black line), discharge (red line) and coulombic 
efficiency (blue line), compared to a NiO/rGO material where pressing and 
calendaring had been applied (green line).            
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Figure 7.4: Electrochemical impedance spectroscopy of NiO/rGO material with 
(a) and without (b) mechanical pressure applied showing the impedance profile 
after 3 cycles (black line), 100 cycles (red line) and 250 cycles (green line).            
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10rGO 3x 10rGO 100x 10rGO 250x
R1(Ω) 3.4701 5.5 9.757
R2(Ω) 1.3354 12 19
C1(F) 4.12E-06 1.09E-06 9.88E-07
R3(Ω) 3.8001 14 39.5
C2(F) 1.42E-05 3.51E-05 1.19E-05
W1(w) 0.0079169 0.009298 0.0033885
No Pres 3x No Pres 100x No Pres 250x
R1(Ω) 19.315 54 60.232
R2(Ω) 13.616 8 20
C1(F) 3.56E-06 3.52E-06 3.09E-06
R3(Ω) 20.453 13 38
C2(F) 1.82E-05 1.65E-05 1.89E-05
W1(w) 0.0038468 0.0077665 0.0046406  
Table 7.1: EIS parameters derived from the data deconvolution of Figure 7.4, based 
on the equivalent electrical circuit of Figure 3.19.     
    
The SEI resistances and the charge transfer resistances (R2 and R3 in the model, 
respectively) show almost identical values, leading an important consideration: it 
is confirmed that there is a very clear correlation between charge transfer resistance 
and cycle performance since the two cells are very close in terms of capacity after 
250 cycles. However, there is a significance difference among the two cells, which 
is highlighted in yellow in Table 7.1. The electrolyte ionic resistance, R1, for the 
pressed material is always below 10 Ω and does not significantly change with 
cycling, which is the most common behavior and has already been shown for NiO 
and Mn based materials in this thesis. Conversely, the non-pressed material shows 
a high R1 since the beginning of cycling (19.3 Ω) which then increases up to a 
value of 60.2 Ω at the end of 250 cycles. This uncommon behavior is due to the 
lack of adhesion between active material and current collector that leads to the 
 229 
 
detachment of part of the former into the electrolyte. To confirm this hypothesis, 
one of the non-pressed cells was disassembled and a picture of it is shown in Figure 
7.5. It is clearly visible that a considerable amount of active material has been 
detached from the surface of the current collector and can be identified as the black 
residues that are in contact with the separator.  
    In conclusion, a lot more is needed to investigate and optimize the anode 
electrode porosity with these metal oxide materials. Surely, the current electrode 
preparation method, which involves both calendaring and pressing, has been found 
to be too severe, greatly reducing electrode porosity, resulting in a larger 
morphology modification at the end of cycling. The search for an optimum between 
calendaring and pressing as well as the build-up of a numerical relationship 
between applied pressure and porosity should be sought in future studies.   
 
7.2   Do All Metal Oxide Convert to Higher Oxidation States During Cycling? 
    Chapters 4 and 5 have been shown a completely new concept for all the literature 
regarding Li ion batteries, which is the total deconvolution of the concepts “reaction 
reversibility” and “cycleability” for Mn based materials. Ever since the pioneering 
work done in the literature on metal oxides (almost a decade), it was believed that 
once a total reversibility of the Li2O phase during the discharge process had been 
achieved, this would have coincided with cycle stability over a very long life time. 
However, this doesn’t seem to apply to Mn oxides, in the sense that it is true that 
the very high electronic conductivity allows for the total re-conversion of lithium 
oxide, but at the same time, the material converts to a higher oxidation state than  
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Figure 7.5: Visual detection of active material dissolution into the electrolyte for 
the non-pressed cell.             
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its initial one by utilizing oxygen present in the environment, and therefore the 
reaction cannot be considered reversible because it goes beyond the initial oxidation 
state of the active material.  
    Nonetheless, it was shown that if this re-conversion was allowed to open 
gradually by targeted metal inclusion, then the formation of a higher theoretical 
capacity material is able to balance the capacity fade given by material 
agglomeration, resulting in excellent cycle life and stability. Therefore, it would be 
important to understand if this behavior can be generalized among the totality of 
metal oxides in the periodic table, because this knowledge could help design 
strategies to improve MOs cycleability and stability. For this purpose, preliminary 
data has been taken in Figure 7.6 by carrying out XPS analysis after 250 cycles for 
the NiO/rGO material. 
The peak deconvolution from the NiO 2p region shows the presence of Ni2O3, 
confirming that the same behavior to some extent is detected also for nickel oxide. 
Here, it is suggested to perform the same analysis on other chemistries (in general 
all the oxides that are listed in Figure 1.6 as undergoing conversion reaction are 
suitable candidates, as for example CuO, FeO, etc.) to further prove this important 
discovery.  
 
7.3   Effect of Limited Lithium Supply: NiO/rGO-LiCoO2 Full Cells 
 
    All of the experiments reported thus far in this thesis have been performed 
adopting the so called “half-cell” configuration, namely utilizing an “infinite” 
source of lithium at the cathode (lithium counter electrode). However, in real  
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Figure 7.6: XPS high resolution scan for NiO 2p region 
 
 
 
 
 
 
 
 
 
 
890 885 880 875 870 865 860 855 850
Binding Energy /eV
X
P
S
 P
e
a
k
 I
n
te
n
s
it
y
 /
a
.u
.
Ni 2p
Satellite peaks
Ni
2
O
3
856.0 eV
  
 233 
 
applications, this is not feasible, because the overall voltage of the cell would be 
negative, therefore there would not be a driving force for the electrons to move 
when the device is operated galvanically. Nonetheless, the cathode material is 
usually the lithium reservoir of the cell, and therefore it needs to include lithium in 
its structure. In addition, the material is required to be resistant to corrosion and 
stable in air, which makes the cathode chemistry selection very strict.  
    For the present study, the most classic cathode material has been used, namely 
lithium cobalt oxide. This has been paired with a NiO/10 wt. % rGO anode, and the 
result are shown in Figure 7.7. The cell starts from a capacity (normalized ot he 
anode mass) of 672 mAh/g (at cycle 3) that is close to theoretical (718 mAh/g for 
NiO),. However, during cycling the cell experiences a constant, slow capacity fade, 
until it reaches ca. 200 mAh/g at cycle 130. This was unexpected since the half cell 
cycleability for the NiO/rGO material (Figure 3.22) was excellent over 250 cycles. 
Because of the slow decay that the cell experiences, it was hypothesized that a small 
portion of the Li was lost at every cycle in the solid electrolyte interphase (SEI) – 
perhaps even in the conversion to higher oxidation states. To prove this, an 
additional cell with the same chemistries was assembled; the only difference is that 
in this case the anode electrode was pre-lithiated. This is a process that can be done 
by different methods (electrochemical deposition, mechanical contact, ecc.), which 
has the purpose of increasing the Li ion reservoir and can be performed at both 
cathode and anode sides of the cell.  
    The results are shown in Figure 7.8. Since the beginning of cycling, it is possible 
to notice the beneficial effect of the pre-lithiation process. The capacity starts at a 
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Figure 7.7: Capacity retention for a LiCoO2 cathode / NiO-rGO anode at a 1C 
current rate over 130 cycles. 
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Figure 7.8: Capacity retention for a LiCoO2 cathode / NiO-rGO anode at a 1C 
current rate over 300 cycles with anodic and cathodic prelithiation. 
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higher value of 900 mAh/g at cycle 3. There is still a slight capacity fade, which is 
much less prominent and it is stabilizing at ca. 600 mAh/g after 300 cycles. 
Moreover, pre-lithiation ensures the possibility of expanding the voltage window 
(in the experiment from 1-4.1 to 0.5-4.1) in case more power is needed for the 
specific application the cell is used for (for example when an electric car needs to 
accelerate or your laptop is displaying a movie). 
    This experiment proves that one remaining issue to be addressed in order to 
maintain a stable capacity over hundreds of cycles in full cells is the SEI formation 
in metal oxide Li ion batteries. How does the SEI form? It is well known, as shown 
in Figure 2.11, that the SEI on classic graphite anodes is mainly composed by Li2O, 
lithium carbonates and other organic species derived by the decomposition of the 
electrolyte components and further reaction with Li ions. This process is instead 
unknown for metal oxides. If carbon species are necessary for a stable SEI to form 
and be anchored to the electrode surface, then it is possible that the 10 % rGO in 
the full cell is not sufficient as an active surface for the solid electrolyte interphase 
formation. It is also unlikely that these well-known compounds for graphite SEI 
formation would adhere to metal oxide anode.                                                                                                                                                                 
    Moreover, there are specific elements that can help stabilize the SEI formation. 
Two good examples are P and F. Phosphate compounds have been detected by 
STEM (Figure 7.9) after cycling of only high performance materials (NiO/rGO) 
and could be an interesting species to analyze. Fluorine compounds as fluoro 
ethylene carbonate are also known to be able to stabilize the cell behavior, by 
increasing the SEI flexibility. It is here suggested to utilize several P and F additives 
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and test the electrochemical performance of full cells. A study of the SEI post 
formation by means of in operando XPS is also suggested.  
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Figure 7.9: (a) Dark field image of the SEI compounds with corresponding signals 
for phosphorous (b), oxygen (c) and carbon (d). 
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CHAPTER 8: OUTREACH ACTIVITIES – CHEMICAL ENGINEERING 
GRADUATE STUDENT ASSOCIATION JOURNEY 
    During the second and third year of my PhD (2015 and 2016) I had the pleasure 
to volunteer and serve as an officer for the Chemical Engineering Graduate Student 
Association (CHEGSA) at the University of Connecticut. During my first year as 
vice president of the association, David Gamliel and I re-built the organization 
structure from the ground up. We didn’t want CHEGSA to be perceived as an 
outsider association which organizes two events a semester as in the past. Our 
mission and hope was to contribute to the formation of a strong community among 
chemical engineering graduate students and to strengthen their connections with 
faculty members as well. By doing this, we were firmly convinced that we could 
improve graduate student lives both professionally, by sharing and receiving 
feedback, suggestions and ideas from colleagues and faculty, as well as socially, by 
increasing networking opportunities and making connections outside their personal 
laboratory, office or work space. We started and developed a new program of events 
and activities that could be divided into three major areas: 
• Academic 
• Networking 
• Sport 
    Regarding academic events, we focused on two different aspects: helping current 
students to reach their academic goals and preparing students for their future career, 
helping them to decide which pathway to pursue after their graduate studies. For 
 240 
 
the former, we instituted qualifier exam practice sessions, where senior graduate 
students comment on the first-year students regarding their presentations and ask 
questions to prepare them to take the exam.  We also started career development 
workshops, including those that: allowed students to prepare short (~3 minute) 
elevator pitches about their work; create a professional LinkedIn portfolio; ask 
faculty questions about their path to academia (Figures 8.1 and 8.2). We also 
created poster sessions and team-building 5 minute rapid fire presentations in order 
to better understand what our colleagues are doing.   Lastly, I organized a mentoring 
program for incoming graduate students: every new student was paired up with a 
senior graduate student, in order to give the former advice and suggestions on 
research, academics and lifestyle at Uconn. Moreover, this greatly helped incoming 
graduate students in favoring their inclusion in the chemical engineering 
community.  
    Regarding networking events, we organized activities where both faculty and 
students could have been involved in a quiet and joyful environment. Those 
included end of year departmental BBQ (Figure 8.3), holiday potluck and happy 
hours for graduate and prospective graduate students. The organization was 
successful to always have a large participation from the department.  Lastly, for 
what concerns the sport events, we had two different kinds of activities: graduate 
student vs. undergraduate student matches, to strengthen the relationship between 
all the students in the department (Figure 8.4) and graduate student games (Figure 
8.5).  
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Figure 8.1: Graduate students attending the industry vs academia panel. 
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Figure 8.2: Industry vs academia panel invited speakers. Starting from the left-
hand side, Dr. Leslie Shor, Dr. Daniel Burkey, Dr. Vijay Ramani, Dr. William 
Mustain. 
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Figure 8.3: End of year chemical engineering department BBQ. 
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Figure 8.4: Undergrad Vs Grad frisbee match. 
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Figure 8.5: Graduate student basketball game. 
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    During my second year, I decided to give others the possibility of experiencing 
a leadership position, but I still maintained the position of secretary in the 
organization, helping and guiding the new members on how to organize activities 
and raise funding for CHEGSA. I was really proud and honored to be able to spend 
two amazing years as an active member of the association. I grew a lot, both from 
the personal and leadership points of view, and it is very satisfying to look back 
and see how much the chemical engineering grad community has grown. I believe 
we have managed to improve the lives of chemical engineering graduate students 
at UConn, and I am also very proud of the new CHEGSA e-board this year, whom 
are continuing what David and I started.  
 
 
 
 
 
 
 
  
 
